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This study describes the synthesis of novel bifunctional dithiophosphonate ligands with an 
emphasis on the solid state structure of selected isolated complexes.  A variety of transition 
metals are utilised to underline the diverse coordination modes of the newly developed 
ligands.   
Preliminary evaluation of diol and tetrol precursors for the preparation of bis- and 
tetrakis(dithiophosphonates) was carried out.  The reaction of these ligands with iodine 
yielded products of the type [{-CH2OP(S)(Fc)S-}2] (1), [(S2P-Fc)2(trans-1,2-O,O'-C6H10)] (2) and 
[C{CH2OP(S)(Fc)S}4] (3), which were novel heterocyclic compounds with disulfide -S-S- bridges.  
The electrochemical properties of 1-3 were investigated and the ferrocenyl moieties were 
found to be electronically different from ferrocene.  A newly developed dithiophosphonate, 
(NH4)2[{(S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)}] (L4), derived from a saturated cyclic diol, 
afforded a dianionic bis(bidentate) ligand.  The coordination capabilities of the ligand are 
notable, and had the capacity to stabilise Cu(I), Ag(I), Au(I), Au(III) and Ni(II) metal centres.  
Complexation to Cu(I) and Ag(I) afforded tetranuclear metal frameworks of the general type 
[M4L2] (M = Cu(I) 4 and Ag(I) 5).  Cluster 5 contains a tetrahedron of Ag(I) atoms stabilised by 
Ag∙∙∙Ag interactions and represents the first Ag(I) dithiophosphonate cluster reported.  
Complexation of L4 to Au(I) afforded a coordination-driven self-assembled structure of the 
type [Au2{(S2P-4-C6H4OEt)2(trans-1,2-O,O'-C6H10)}]3, 6.  Complex 6 is a hexanuclear 
metallatriangle which contained three discrete dinuclear units, with two distinct 
intramolecular Au···Au interactions observed at ca 3.0 and 3.3 Å, which assists in the complex 
stabilisation.  The oxidative addition reaction of bromine across the Au(I) centres present in 
6, resulted in the formation of a Au(III) homovalent dinuclear complex, of the type 
[Au2(Br)4{(S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)}], 7.  Furthermore the reaction of L4 with 
NiCl2∙6H2O yielded a dinuclear complex of the type [Ni{(S2P-4-C6H4OEt)2(trans-1,2-O,O'-
C6H10)}]2, 8.  Cofacial dinuclear Ni(II) units in 8 showed an unexpected interaction with CH2Cl2, 
which caused differential crystal growth in the same confined environment and resulted in 
the isolation of morphologically different crystals.   
The first series of luminescent Cu(I) dithiophosphonate clusters of the type Cu4L4 is reported.  
Importantly, the new synthetic methodology circumvents the use of a Cu(I) precursor and the 
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synthesis was carried out in aqueous medium with a Cu(II) salt precursor.  The ligand has a 
dual function and acts as a sacrificial reducing agent, which oxidises to form a disulfide.  The 
redox reaction yielded clusters, of the general type [Cu{(S2P(R)(OR’)}]4 (9-15), in good yield 
and their luminescent characteristics were investigated.  The sulfur atoms coordinate in both 
µ1 and µ2 bridging modes which facilitated interaction between a tetrahedral arrangement of 
Cu(I) atoms.  
A bifunctional ligand which combines dithiophosphonates and pyridyl functionalities on a 
common backbone was found to be an effective ligand for the formation of unique metal 
complexes.  The ligand [S2P(4-C6H4OEt){OCH2CH2-2-C5H4N] (L11) is zwitterionic (formal 
negative charge on S and formal positive charge on N atoms) in the solid state as confirmed 
by single crystal X-ray crystallography.  The reactivity of L11 to Co(II) and Cd(II) salts afforded 
coordination polymers [Co{S2P(4-C6H4OEt)( OCHCH2-2-C5H5N)}]2 (16) and [Cd{S2P(4-C6H4OEt)( 
OCHCH2-2-C5H5N)}]2 (21), respectively.  Complex 16 represents a rare example of a Co(II) 
dithiophosphonate and significantly both complexes display the elusive cis configuration of 
the ligand substituents.  Based on NMR results, complexes [Ni{S2P(4-C6H4OEt)( OCHCH2-2-
C5H5N)}]2 (17) and [Pd{S2P(4-C6H4OEt)( OCHCH2-2-C5H5N)}]2 (19) displayed fluxional behaviour 
in solution, with the former also isolated in the solid-state with two different crystal 
morphologies observed.  Coordination of the pyridyl moiety in 17 resulted in the formation 
of a dinuclear Ni(II) complex (17b).  The molecular structure of 19 revealed a discrete square 
planar complex.  Reaction of L11 with [AuCl(tht)] (tht = tetrahydrothiophene) (molar ratio 1:1) 
yielded a novel dinuclear Au(I) complex, of the type [Au{S2P(4-C6H4OEt)}{(OCH2CH2-2-
C5H4N})]2, 20.  Complex 20 displayed intramolecular Au···Au interactions of ca. 3.105 Å and 
no intermolecular Au···Au interactions.  Hydrogen bonding due to the pyridyl moiety induced 
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Organophosphorus compounds have fascinated researchers for decades due to their 
presence in both malicious (nerve gas) and vital (DNA and RNA) systems.  Ultimately the most 
fundamental component of any living organism on earth contains a 4-coordinate 
phosphorus(V) linker, the topic of this study, which connects amino acids in a sequence that 
has tremendous impact. 
As early as 1854, the synthesis of tetraethylpyrophosphate (TEPP) as an alternative to the 
current botanical insecticide of the time, initiated an exponential growth in 
organophosphorus compounds.  This could be related to their application as pesticides, which 
increased the efficiency of food production.  However, evidence of their potent physiological 
effects, and the eminent outbreak of war could have also played a role in the development of 
these compounds.  The P(III) derivatives were found to be effective insecticides, however, the 
highly oxophillic P(III) centre was prone to rapid hydrolysis and subsequent oxidation to P(V).  
The ability of these compounds to inhibit nerve transmission (cholinergic) was reported by 
Lange and Krueger.1  They specifically noted the choking sensation and blurred vision that 
occurs from the inhalation of dimethyl and diethyl phosphorofluoridates.  A german team of 
chemists led by Schrader, then embarked on an expansive study of organophosphorus 
pesticides and synthesized a plethora of these compounds, including notorious chemical 
warfare agents (CWA): tabun, soman and sarin.2  With the outbreak of World War II, a rapid 
increase in the variation of these compounds as well as their production methods, resulted in 
an arsenal of these materials.  The mechanism of action of these compounds has been well 
established and assigned to the disruption of the acetylcholinesterase (AChE) enzyme.3  The 
devastating terrorist attack in a Tokyo subway in 1995, illustrated the potency of these agents 
to cause death and have detrimental prolonged effects on survivors. 4    
Even though its origins can be traced to malicious intentions, these phosphorus compounds 
have an undeniable impact on current society.  In this study the focus was on the dithio 
analogues, particular dithiophosphonates.  Dithiophosphonates have been applied to a 
variety of industrial applications, which include metal ore extraction/flotation reagents5 
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(mining industry); petroleum additive for lubrication in combustion engines6 (automobile 
industry); and as insecticides7 (agricultural industry).  
The following sections aim to provide an overview of this ligand class and its coordination 
patterns to metal centres pertinent to this thesis. The thesis focuses on the modification of 
these ligand types in the formation of novel coordination-driven assemblies. 
 
1.1 Dithiophosphonates: a phosphor-1, 1-dithiolate with a difference 
The phosphor-1,1,-dithiolate class of compounds can be broadly defined as dithiophosphates, 
dithiophosphinates, and the hybrid dithiophosphonates (Figure 1.1).  The asymmetric nature 
of the dithiophosphonates allows for the formation of isomers, not accessible to symmetric 
A and B (in delocalized form).  The dithiophosphates and dithiophosphinates were well 
established much earlier as compared to the other two groups, presumably due to the relative 




Figure 1.1. Phosphor-1, 1-dithiolates comprise ligands derived from dithiophosphoric (A), 
dithiophosphinic (B), the hybrid dithiophosphonic (C) and amido-dithiophosphonic (D) anions. 
 
The development of dithiophosphonates took significantly longer and the number of 
complexes containing the ligand are still in the minority when compared to its counterparts.  
A significant breakthrough occurred when it was shown that 2,4-diaryl-1,3-dithiaphosphetane 
disulfide dimers react with two stoichiometric equivalents of alcohol to form corresponding 
dithiophosphonic acids.10  The first derivative  was prepared in 1952 by Fay and Lankelma, 
from the reaction of cyclohexene with phosphorus pentasulfide, which was produced in a 
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moderate yield and purity.11  In 1962 an improvement in the yield and purity was reported, it 
involved the reaction between PhPCl2 (l) and H2S (g) to form [PhP(μ-S)S]2 (s) at temperatures 
above 210° C.12,13 But the conditions for the production of the dimer were hazardous, due to 
the formation of stoichiometric amounts of HCl released at elevated temperatures.  These 
conditions, coupled with its growing popularity as a sulfur transfer reagent warranted the 
need for an improved syntheses.  In 1978, Lawesson and co-workers reported a greatly 
improved method for the preparation of a related dimer and laid the foundation for 
preparation of a plethora of derivatives.14-16  Lawesson reported that the reaction of electron 
rich aromatics with P4S10 resulted in phosphetane cyclic dimers (Lawesson’s reagent, LR), 
shown in Scheme 1.1.  The use of Lawesson’s reagent in organic chemistry for the conversion 
of various oxygen substituted derivatives to their related thio-analogues has been reviewed 
in 198517 and 2012.18  
 
 
Scheme 1.1. Synthesis of phosphetane dimers (LR) from electron rich aromatic compounds. 
 
With this new strategy, a significant number of novel dimers were prepared, two of which are 
the ferrocenyl analogue19 (C) and selenium analogue20 (D).  These dimers were prepared by 
Woollins et al. and C has become a popular reagent for the syntheses of dithiophosphonate 





Figure 1.2. Phosphetane cyclic dimers: The original dimer prepared by Fay and Lankelma (A); 
Lawesson’s Reagent (LR) (B); organometallic derivative (C) and the commercially available 
selenium analogue (D) (Woollins’ Reagent). 
 
The mechanism for the application of LR as a sulfur transfer reagent has been proposed by 
several authors,21-23 and recent computational studies have given further insight into the 
mechanism.24  Although not directly a study on the alcoholysis of LR, some insight can be 
drawn on the formation of dithiophosphonates.  All reports attribute the initial step to the 
reversible dissociation of the dimer into a 3-coordinate phosphorus(V) reactive species 
(PhPSS).14-16  The electrophilic phosphorus centre is then highly susceptible to nucleophilic 
attack from the oxygen atom, resulting in the formation of the dithiophosphonic acid.  In this 
way a variety of dithiophosphonic acids can be prepared in a facile manner, which allows 
ligand properties (sterics and electronics) to be tuned based on the type of alcohol employed, 
Scheme 1.2.  Alcohols which have a melting point at 70 °C or below can be used to produce 
ligands via a "green" approach, i.e. solvent free.  The relative acidity of the proton allows for 
deprotonation with a base, resulting in the formation of monoanionic salts. 
 







1.2 Coordination versatility of S-P-S fragment  
The research potential of the S-P-S moiety has long been exploited, due to its inherent ability 
to accommodate a diverse group of coordination modes.25  This variation can be attributed 
to the multiple resonance structures of the monoanionic ligand.  The hyper-valency of both 
the phosphorus and sulfur atoms, play a key role in this regard.26  This is due to their ability 
to accommodate greater electron density in their valence shells, which become available 
upon coordination.  A comparison of the resonance forms with the corresponding 
coordination is given in Figure 1.3.  It describes an increasing delocalisation of the P-S π-bond 
across the S-P-S chelate. 
 
 
Figure 1.3. Resonance structures of phosphor-1,1-dithiolato ligands, monodentate with a 
non-coordinating P=S bond; bidentate dative coordination; anisobidentate increasing the 
sulfur interaction; isobidentate with equal sulfur interactions. 
 
Therefore, when considering mononuclear systems the inherent ability of the sulfur atoms to 
act both independently or in conjunction is as a result of the variation in the position of the 
electron density across the S-P-S fragment.  This allows the dithiophosphonate ligand to 
support essentially all main group and transition metals.  The flexibility in the coordination 
becomes more apparent in the ability of the ligand to stabilise multiple metallic systems, 






Figure 1.4. Multi-nuclear coordination patterns observed for dithiophosphonates. 
 
In non-chelating systems the sulfur atoms have the ability to accommodate both µ1 and µ2 
binding modes.  This allows the sulfur atoms to accommodate multi-metallic configurations 
and various coordination geometries.  The bimetallic bi-connective coordination mode is 
synonymous with linear 2-coordinate Au(I) dithiophosphonates and has been described as an 
effective framework for the study of aurophilic interactions.27  The trimetallic tri-connective 
mode, which contains both µ1- and µ2-S atoms, has only been recently demonstrated for 
dithiophosphonates in tetranuclear Cu(I) clusters, and are responsible for the stabilisation of 
a tetrahedron of copper atoms.28  The tetranuclear coordination is yet to be seen for the 
dithiophosphonates but has been observed for related dithiophosphates in cubic octanuclear 
copper clusters.29   
The coordination capabilites of the S-P-S fragment is undeniable, and this study will aim to 
present novel metal configurations which have not been reported for the dithiophosphonate 
ligand.  In an effort to highlight the novelty of this study, an analysis of the Cambridge 
Crystallographic Data Centre (CCDC) was done in relation to the metal complexes reported 
here.  Table 1.1 gives a summary of this analysis and indicates the number of reported single 
crystal X-ray structures as a function of the metal centre, oxidation state and nuclearity.  Apart 
from the mononuclear Ni(II) complexes, all other metal complexes can be regarded as 
reasonably uncommon.  Of note is the complete absence of a Co(II) complex, and a single 
report of a tetranuclear Cu(I) derivative.  Furthermore, Ag(I) complexes are rare and only one 
mononuclear is represented.  The Au(I) complexes are limited to dinuclear examples. In total 
this study contributes 15 novel structures, several of which display new metal topologies, 
herewith unknown for the dithiophosphonate ligand.  
7 
 
Table 1.1. Complexes of dithiophosphonate structures deposited in CCDC. 
Metal(oxidation state) Nuclearity Structures 
Co(II) - - 
Co(III) 1 1 
Ni(II) 1 49 
Cu(I) 1 2 
Cu(I) 4 1 
Pd(II) 1 6 
Pd(II) 2 1 
Ag(I) 1 3 
Cd(II) 1 5 
Cd(II) 2 4 
Au(I) 1 1 
Au(I) 2 7 
 *The data in the table is limited to complexes containing dithiophosphonates of the type [S(S)PROR’]. Search 
was conducted on Conquest 1.18 with CCDC version5.37. 
 
1.3 Dithiophosphonate metal complexes 
The resulting coordination geometry from metal complexation to a ligand is dictated by a 
combination of factors including the nature of the ligand and metal centre.  The inherent 
flexibility of the dithiophosphonate ligand to coordinate in several different modes, makes it 
an invaluable ligand in coordination studies.  The following sections describe coordination 
patterns of dithiophosphonates found in the literature with a focus on metals applied in this 





1.3.1 Cobalt dithiophosphonates 
A structural analyses of a Co(II) complex stabilised solely by dithiophosphonates remains 
elusive.  However, dinuclear Co(II) complexes derived from a podand ligand containing 
bis(dithiophosphonate) has been described, without crystallographic evidence.30  Only 
recently has it been shown that for the related dithiophosphinates, that stabilisation of a 
Co(II) centre requires the use of an additional ligand.31  In that study pyridine was employed 
which yielded both penta-coordinate and hexa-coordinate Co(II) complexes, which 
demonstrated square pyramidal and octahedral geometry, respectively.  Co(III) complexes 
have been reported with the cobalt centre in an octahedral environment.32  In the current 
study, a novel approach to the stabilisation of a Co(II) centre has yielded the first Co(II) 
dithiophosphonate to be structurally characterised. 
 
1.3.2 Nickel dithiophosphonates 
Since an early report on the structure of a Ni(II) dithiophosphonate complex,33 
[Ni{S2PPh(OEt)}2], these complexes have grown to become the most studied metal for this 
ligand system.34-51  This can partly be attributed to the tendency of the derivatives to adopt 
favourable packing orientations.  Most examples exhibit a trans configuration of the ligand 
substituents with an inversion centre present on the square planar Ni(II) atom.  The cis 
configuration remains elusive and examples of the cis isomer created solely by coordination, 
i.e. not induced by secondary interactions, have not been found in literature.  An interesting 
feature of the square planar Ni(II) complexes is the ability to accommodate secondary ligands 
and subsequently form an adduct, an example of this was reported by Aragoni et al. with an 
adduct containing pyridine and aminopyridines forming a 6-coordinate Ni(II) complex, shown 
in Figure 1.5 a.52  This was further exploited for the formation of polymeric type complexes, 
obtained from the reaction of Ni(II) dithiophosphonates with N-donor linkers, shown in Figure 
1.5 b.53,54  The topology of the polymers were shown to be tuneable based on the properties 
of the linker deployed.  Karakus et al. reported neutral Ni(II) dithiophosphonate polymers 





Figure 1.5. a) Octahedral Ni(II) complex containing neutral N-donor ligands at the axial 
positions. b) Coordination polymers as a result of bipyridine coordination. c) Combination of 
dithiophosphonates with bulky 2,4,6-tris(2-pyridyl)-1,3,5-triazine. 
 
The coordination can also be influenced by the occupancy of the coordination sphere.  In 
mixed-ligand systems generated by the reaction of complexes with secondary ligands, the 
dithiophosphonates have been shown to accommodate different coordination patterns.  This 
was apparent in the reaction of a Ni(II) complex, of the type [Ni(S2P(4-C6H4OMe)(OMe))2], 
with a bulky ligand (2,4,6-tris(2-pyridyl)-1,3,5-triazine).  The unusual octahedral nickel 
complex contains both monodentate and isobidentate coordination modes, shown in Figure 
1.5c.44,45  A report on the application of bis(dithiophosphonates) to the formation of dinuclear 
Ni(II) complexes, lacked a X-ray structure determination.55  However, in the present study two 
dinuclear Ni(II) complexes were isolated and structurally characterised, one of which was 




1.3.3 Copper dithiophosphonates 
Cu(I) complexes containing only dithiophosphonate ligands are limited, with only one 
structure reported by Zhang and co-workers.28  The structure contains an idealised 
tetrahedron of copper atoms stabilised by a trimetallic tri-connective ferrocenyl 
dithiophosphonate, shown in Figure 1.6b.  Interestingly, this structure presents the only 
tetranuclear Cu(I) dithiophosphonate cluster reported.  
 
 
Figure 1.6. a) Mononuclear tetrahedral Cu(I) complex with neutral phosphine ligands. b) First 
tetranuclear Cu(I) cluster. 
 
Mononuclear complexes of the type [Cu{S2P(4-C6H4OR)(OMe)}(PPh3)2] were obtained from 
the addition of a [PPh3CuNO3] precursor to a dithiophosphonate, Figure 16a.56  A similar 
synthetic route was adopted for the preparation of ferrocenyl derivatives, with the complexes 
subsequently embedded into nanofibers and applied as antimicrobial agents.57  Although not 
a traditional dithiophosphonate, a related reaction involved the direct addition CuOBu and 
PPh3 to LR, this resulted in the formation of a dinuclear Cu(I) complex of the type [Cu2(µ2-
ArS2P–O–PS2Ar)(PPh3)4]. 58  In the same report the use of a bisphosphine (dppa = Ph2NHPPh2) 
resulted in the formation of a tetranuclear complex of the type [Cu4{Ar(µ2-S)2P–O–P(µ2-
S)2Ar}2(dppa)2].  This thesis reports on a series of tetranuclear Cu(I) dithiophosphonates, 
synthesised in aqueous conditions. 
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1.3.4 Silver dithiophosphonates 
A mononuclear Ag(I) dithiophosphonate complex has been reported, Figure 1.7a. The 
complex contains a neutral phosphine ligand and a ferrocenyl dithiophosphonate, which 
enables the stabilisation of the tetrahedral coordinated metal centre.59  In 2006, a dinuclear 
Ag(I) complex containing a unique trigonal planar Ag(I) atom was reported by Haiduc et al. 
and is shown in Figure 1.7 b.60  In addition, the Ag, S, and P atoms assemble to form a hetero-
atomic macrocycle.    
 
Figure 1.7. a) A mononuclear Ag(I) complex with tetrahedral geometry. b) Dinuclear Ag(I) 
complex with bimetallic dithiophosphonate and neutral PPh3. c) Ag(I) coordination polymer 
containing isobidentate dithiophosphonate and bis(phosphine) linkers. 
 
Sun and Huang reported an interesting example of the combination of phosphines and 
dithiophosphonates, with the resultant complex forming a 1D polymer, shown in Figure 
1.7c.61  The polymer contains a bisphosphine linker which connects dithiophosphonate 
chelated Ag(I) metal centres.  The reaction of metal carboxylates with LR and dppm results in 
the formation of unique tetranuclear silver clusters of the type [Ag4{μ4-ArP(O)S2}2(dppm)4] 
(dppm = CH2(PPh2)2).62  In the same study the authors noted addition of PPh3 instead of the 
bisphosphine resulted in the formation of the largest silver cluster known for this ligand 
system, of the type [Ag28(μ6- S)2{ArP(O)S2}12(PPh3)12].  Currently no silver complexes or 
clusters stabilised only by dithiophosphonates is known, suggesting that stabilisation requires 
an ancillary ligand.  This is in stark contrast to the related (but symmetrical) dithiophosphates. 
An interesting tetranuclear Ag(I) cluster stabilised solely by dithiophosphonate ligands is 




1.3.5 Gold  
A significant factor in Au(I) chemistry is the potential presence of aurophilic interactions. 
Dithiophosphonates have been described as a useful architecture for the study of these 
interactions.63  It is therefore pertinent to describe these interactions before describing 
literature of previously reported gold dithiophosphonate complexes.   
 
1.3.5.1 Aurophilicity and its implications on Au(I) chemistry 
Au(I) complexes have been shown to deviate from conventional patterns , this is due to the 
closed-shell d10 metal centres which bind to each other at distances slightly larger than those 
present in Au metal. The bond energies in these Au‧‧‧Au interactions are comparable to the 
strength in hydrogen bonding, and has resulted in a plethora of coordination compounds 
which have interesting structural features.64  The unique characteristics can be attributed to 
the aurophilic interactions, which arise from electron relativistic and correlation effects.65  
The relativistic effect is most pronounced for Au metal when compared to neighbouring 
elements in the periodic table, and is indeed a local maximum for the coinage (Group 11) 
metals.66  The relativistic effect is a result of the increased acceleration of the valence 
electrons (which approach the speed of light), induced by the increase in the proton 
population of the Au nuclei.67  This results in the contraction of the s and p orbitals, with a  
subsequent expansion of the d orbital, which ultimately reduces the energy gap between the 
6s and 5d orbitals significantly.68  Theoretical calculations that have qualitatively and 
quantitatively reviewed this phenomenon are numerous.69,70  Since their first discovery, the 
analogy between Au···Au contacts and hydrogen bonding has been drawn.71  The most 
apparent and early examples of this phenomena, was demonstrated by Schmidbaur in the 
late 1980’s, in which several auromethanes were synthesised and structurally 
characterised.72,73  The formation of  hexakis(triphenylphosphaneauro)methane dication 
[(Ph3PAu)6C]2+, an arrangement which consists of linear Ph3P-Au-C in a octahedral pattern 
around a hypervalent carbon, shows the ability of the aurophillic interactions to stabilise the 
formation of a polyauriomethanes.74, 75   
The isolability of [AuPR3]+ with H+ had become apparent with the spectroscopic and 
theoretical investigations of hypercoordinate gold analogues of the first row elements i.e. 
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ammonium, phosphonium, arsonium, and oxonium cations, which possessed remarkable 
stability.76,77  An examination of the gold structures, deposited in the Cambridge Structural 
Database, assign 2.5 – 4 Å as a range for Au···Au contacts.78 
Two-coordinate linear Au(I) complexes are well studied in gold chemistry.79  Due to its low 
coordination, Au(I) forms neutral and ionic complexes of the general formula X-Au-Y 
(X=Y=neutral or anionic ligands).68  The intermolecular Au···Au interactions result in the 
formation of polymeric chains, type B and C in Figure 1.8.  The interaction becomes more 
pronounced in dinuclear networks and can be differentiated as either inter or intra-molecular 
Au···Au interactions, of the type D and E.63,80  The close proximity of two Au(I) centres in 
dinuclear systems has been exploited for the study of Au···Au interactions.81  A 
comprehensive study on the reactivity and luminescent characteristics of dinuclear 
dithiophosphonates has been reported.82,83  The study allowed for the detection of  
intermolecular Au···Au interactions from their solid-state emission profiles.83  
 
 
Figure 1.8. Au(I) interactions based on linear A results in unsupported interactions of the type  
B and C;  dinuclear units result in D (semi-supported) and E (fully supported)63 
 
1.3.5.2 Gold dithiophosphonates 
It should be noted that the study of mononuclear gold dithiophosphonates are limited, with 
only one Au(III) complex structurally identified, of the type [Au{S2PPh(OH)}2]Cl, Figure 1.9a.84  
The complex displays two ligand confirmations in the solid state, with both the cis and trans 
isomers present in the unit cell.  The complex was prepared from the reaction between 
[AuCl(tht)] and a large excess of Na[S2P(OH)Ph].  Mononuclear Au(I) dithiophosphonates can 
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be obtained from the reaction of phosphine bearing Au(I) starting materials with 
dithiophosphonate ligands. 
 
Figure 1.9. Multiple coordination modes in gold dithiophosphonates a) Isobidentate 
coordination in mononuclear Au(III) complex, b) Linear mononuclear Au(I) with monodentate 
coordination, c) Dinuclear Au(I) complex with bimetallic biconnective ligands. 
 
Such is the case for the example prepared from the reaction of [ClAuPPh3] and 
NH4[S2P(OMe)(p-C6H4OEt)] which results in the formation of the Au(I) complex of the type 
[Au{S2P(OCH3)(p-C6H4OEt)}(PPh3)], Figure 1.9b.56  A second method for the preparation of a 
mononuclear Au(I) complexes involves the addition of PPh3 to an isolated dinuclear complex, 
of the type [Au{S2P(C6H4OMe)(OC5H9)}]2 , in a 4:1 molar ratio.85  The resultant product has a 
completely different and rare geometry, with the tetra-coordinate Au(I) atom at the centre 
of a distorted tetrahedral.  Since the initial report on dinuclear Au(I) dithiophosphonate 
complexes of the type [Au{S2PR(OR')}]2 in 1998,82 a significant number of variations in the 
alkyl substituent of dithiophosphonates have been reported,83,84,86 a general structure is given 
in Figure 1.9c.  The first example was a silyl derivative, of the type [Au{S2P(4-
C6H4OMe)(OSiPh3)}]2. The  [Au{S2PR(OR')}]2 type complexes and its reactivity towards 
bis(phosphines) was investigated and strong evidence proposed the formation of a new 
hetero-bridged dinuclear complex of the type[Au2(dppm){S2P(O)(R)}].84 Later unsaturation on 
the ligand was introduced in the form of allyl alcohol and the corresponding Au(I) complex 
was reported, together with the first luminescence data for dinuclear complexes stabilised by 
the S-P-S fragment.86  A subsequent computational study, on the same complex, looked at 
the Au∙∙∙Au contacts (both inter- and intra-molecular) in relation to the luminescence 
profile.87  Muniz and co-workers were able to assign the phosphorescence to a Ligand to 
Ligand-Metal charge-transfer (LL-MCT) interaction, (occurring between the sulfur, 
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phosphorus and gold atoms) which is consistent with the previously obtained experimental 
data.   
In 2002 the first ferrocenyl derivative was reported and isomerisation effects present in 
solution were described.83  Without exception all examples crystallise in the trans 
configuration, represented in Figure 1.9c.  However, in solution isomerisation to the cis 
conformation becomes apparent, as indicated by 31P NMR.  Low temperature NMR 
experiments indicated that the energy barrier for the isomerisation was significantly low.83  
Furthermore, solid state magic angle spinning NMR investigations indicated the presence of 
only one isomer in the solid-state, and isomerisation only occurred in solution.  In the same 
study, the use of the bulky chiral menthol as the parent alcohol resulted in the formation of 
a remarkable non-centrosymmetric Au(I) complex, which crystalized in the monoclinic space 
group P21.  The molecular structure displays an unusual anti-parallel arrangement of the S-
Au-S fragment planes, termed ‘crossover’.  Karakus et al. prepared a series of ferrocenyl 
analogues which contained relatively bulky bornyl, myrtenyl and adamantly substituents.88  
The chiral bornyl substituent also resulted in the formation of an overall non-centrosymmetric 
arrangement and crystals grew in the triclinic space group P1.  However, the authors noted 
that all other substituents, except the bornyl group, occupied centrosymmetric positions and 
no deviation in the parallel S-Au-S coordination planes are observed.  A novel topology for 
Au(I) complexes, which contains eight Au(I) centres is described in Chapter 3. 
 
1.3.6 Palladium dithiophosphonates 
The first Pd(II) dithiophosphonates was reported in 1981 and was of the type  
[Pd{S2P(C6H5)(OC2H5)}2], shown in Figure 1.10.89  The Pd(II) atom is 4-coordinate with square 
planar geometry and resembles the Ni(II) derivatives, with a centre of inversion present on 
the Pd(II) atom.  
Woollins et al. reported two ferrocenyl derivatives,90 [Pd{S2P(Fc)(OMe)}]2 and in 200491 
[Pd{S2P(Fc)(OEt)}2], both gave a square planar geometry around the Pd(II) centre and 
crystallised in the P21/n space group, Figure 1.10b.  Interestingly, in 2010 a report on the 
same complex, [Pd{S2P(Fc)(OMe)}2] , with the same coordination geometry around the Pd(II) 
centre, revealed a different orientation of the cyclopentadienyl (Cp) substituent on the 
16 
 
ferrocene, with the latter having an eclipsed conformation of the Cp rings and the initial 
report having a staggered confirmation.59   
 
Figure 1.10. a) First Pd(II) complex reported. b) cis-Pd(II) complex stabilized by hydrogen 
bonds. c) Square-planar Pd(II) complex with ferrocenyl ligands. 
 
Aragoni et al. reported Pd(II) complexes of the type [Pd{S2P(4-C6H4OMe)(OCH3)}2], which were 
also centrosymmetric92 and later reported an interesting example of the rare cis configuration 
of dithiophosphonate complexes, Figure 1.10c.93  The Pd(II) complex adopted the 
configuration due to the formation of extensive hydrogen bonds with ethylenediamine and 
water.  In this thesis a novel Pd(II) dithiophosphonate complex with unusual NMR activity is 
reported. 
 
1.3.7 Cadmium dithiophosphonates 
Gray et al. described the synthesis and structure of a cadmium dithiophosphonate complex, 
shown in Figure 1.11a.90  The dinuclear complex has two distinct coordination modes with the 
ligand, and both chelating and bimetallic biconnective modes are present. The Cd(II) centres 
are 4-coordinate with a tetrahedral geometry whilst 5-coordinate Cd(II) complexes have also 
been reported.41,93,94  All complexes are dinuclear with the ligands coordinating in both 
bidentate and mondentate patterns, Figure 1.11b.95  Noteworthy is that the ligand displays a 
triconnective trimetallic coordination mode.  The combination of dithiophosphonates and N-
donor ligands has been reported, Figure 1.11c.96-100  These complexes are octahedral in 
geometry and the Cd(II) metal is 6-coordinate.  Therefore, the variation in coordination in 
cadmium complexes, due to the large size of the Cd centre, can be utilised to demonstrate 
the flexibility of the dithiophosphonate ligand.  In this study a novel Cd(II) coordination 





Figure 1.11. Cd(II) complexes bearing various coordination modes a) A Cd(II) complex 
containing both chelating and bimetallic coordination. b)  Trimetallic tri-connective mode for 
Cd(II). c) Coordination polymer for Cd(II) with bipyridine. 
 
 1.4 Supramolecular chemistry  
 
The ability of the ligand to provide strongly covalent and secondary dative coordinative 
interactions bridging multiple metal centres, directs toward supramolecular chemistry.  This 
term was first outlined and defined by Lehn as “the chemistry of molecular assemblies and of 
the intermolecular bond”.101  Two fundamental approaches to produce assemblies are 
apparent in the literature and are based on the type of interactions present in the assembly 
i.e. i) non-covalent interactions which include hydrogen bonding102, van der Waals, 
hydrophobic and π-π stacking103 and ii) directional metal-ligand and metal-metal 
interactions.104  The supramolecular structure therefore relies on the coordination geometry 
of the metal, functional groups present and properties which direct the assembly.105  The 
design strategy therefore incorporates two functional subunits of donors and acceptors, the 
former refers to organic based ligands which require a minimum of two binding sites and the 
latter refers to metals which host the coordination sites.104  Depending on the bite angles and 
the coordination number of the metal centre several different structures can be obtained, as 




Figure 1.12. Donor and acceptor methodology for accessing Supramolecular Architectures, as 




Luminescence can be defined as the emission of photons (infrared, ultraviolet or visible) from 
electronically excited species.  In comparison with incandescence, luminescence can be 
described as cold-body radiation.  The origin of the excitation is applied to the naming of the 
phenomenum, for example chemiluminescence arises from a chemical reaction, and several 





Figure 1.13. Illustration of different types of luminescence phenomena. 
 
1.5.1 Photoluminescence  
In the current study the focus will be on Photoluminescence, and as the name suggests it 
deals with the absorption of photons i.e. light.  This absorption results in the excitation of the 
molecule and the subsequent relaxation processes causes an emission, Figure 1.14.  
 
Figure 1.14. Illustration of the photoluminescence process. Arrows represent electronic 
movement. In an ideal monatomic system resonance fluorescence occurs (excitation ν = 
emission ν) (A); molecules contain vibrational energy levels and emission occurs after energy 





In an ideal mono-atomic system resonance fluorescence occurs, and the excitation and 
emission frequency are equal, Figure 1.14(A).  In molecular systems, vibrational energy levels 
are present and excitation to these levels is followed by internal conversion (non-radiative 
transition) with the resultant emission being lower in energy, Figure 1.14(B).  This was first 
outlined by Stokes in the 19th century in a paper entitled “On the refrangibility of Light”. 107  
The process of fluorescence is defined as an electronic relaxation composed of two steps.  The 
first step involves the internal conversion of energy (thermal or vibrational) and relaxation to 
the lowest level of the excited state.  Due to this loss of energy the second phase is the 
emission of a photon, which has lower energy than the incident photon which caused the 
excitation.  Thus the emission is red shifted relative to the excitation.  To his credit, the 
difference between the excitation wavelength and the emission wavelength is known as the 
Stokes shift and the stipulation that an emission should always occur at longer wavelengths 
relative to its excitation.  Importantly, the spin multiplicity is retained in fluorescence, 
whereas in phosphorescence a change in multiplicity occurs.108  Therefore an internal 
conversion occurs and is followed by a transition to a triplet excited state before emission to 
ground state, Figure 1.14(C).  This second non-radiative transition is an intersystem crossing 
which involves the transition between two isoenergetic vibrational levels of differing 
multiplicity (S1→T1).  When the relaxation pathway involves a transition, such that the excited 
triplet state returns to the excited singlet sate (T1→S1) before emission (S1→S0), then the 
resultant process is termed delayed fluorescence and not phosphorescence.109  
 
1.5.2 Luminescence in transition metal complexes 
The mechanism in these systems are often associated with a Charge Transfer. This transfer 
occurs between the molecular orbital of the ligand and the empty or full d orbitals of the 
transition metal. The transitions are described by the point of origin and its movement 






Figure 1.15. Illustration of charge transfer in generic octahedral complexes, with the aid of 
Crystal field theory. a) Transfer of electrons originating from the full σ orbital of the ligand 
to the empty eg orbital of the metal. b) Transfer of electrons originating eg orbital of the 
metal to the empty π* orbital of the ligand. 
 
The application of luminescent organometallic complexes are diverse and include 
chemosensing ,110 biomolecular and cellular probes,111,112 monitoring of industrial important 
polymerization,113 and organic light-emitting devices (OLED).114,115 Reviews on luminescent 
organometallic compounds have been reported.116-118 
In the present study, the luminescent characteristics of d10 systems of the coinage metals 
(Au(I), Ag(I) and Cu(I)) was investigated. The luminescent characteristics of dinuclear Au(I) 
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dithiophosphonate systems have been investigated previously and the Au∙∙∙Au interactions 
gave rise to unique and characteristic luminescence patterns.119 The emission bands were 
assigned to a LMCT mechanism. However, to the best of our knowledge no luminescent data 
has been reported for the silver and copper counterparts. However, related derivatives of the 
Cu(I) complexes have shown rich photophysical properties that has been reported.120  Other 





The aims of the study are as follows: 
 Design and synthesis of novel ligands which contain multiple coordination moieties on 
a common backbone.   
 Evaluate the coordinative ability of bifunctional ligands by complexation to a diverse 
range of transition metals.  
 Confirm the structural and physical characteristics of the newly synthesized complexes 
and ligands. 
 Identify novel systems, which can provide access to functional materials for 
luminescent applications.  
 
1.7 Objectives  
 
The primary objectives of the study are as follows: 
 To incorporate the known chemistry of dithiophosphonates into the rational design 
of novel bifunctional ligand systems, which possess the flexibility to accommodate a 
wide range of metal centres. 
 Demonstrate the flexibility of the ligands in terms of their aptitude to accommodate 
electronically and geometrically different metal centres. 
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 To gain insight into the complexes, solution and solid state dynamics, with the use of 
NMR, MS and importantly single crystal X-ray crystallography. 
 Provide quantitative data for the physical properties of these systems and provide 




Overall this thesis seeks to investigate new boundaries and test the limitations of 
dithiophosphonate and demonstrate its ability to act as an effective building block in the 
preparation of unique metal architectures.  To this end the study drifts away from the norm, 
which involves the varying of substituents on the ligand base.  In this investigation an 
emphasis is placed on the ability of the ligand to accommodate a diverse range of metal 
centres and seeks to explore the implications of the various metal centres instead. 
The focus of Chapter 2 is the evaluation of diols and a tetrol in the synthesis of disulfide 
bridged dithiophosphonates.  These include its reactivity and redox capabilities, which led to 
formation of novel heterocycles of two sizes.  Ferrocene is incorporated into the study to 
elucidate the electrochemical behaviour of resulting complexes and more importantly 
introduce crystallographically favourable substituents for the evaluation of the ligand 
characteristics.  In Chapter 3, a novel approach to dithiophosphonates was adopted, wherein 
two dithiophosphonate moieties were incorporated onto a common chiral and flexible 
backbone.  The flexibility of this ligand is displayed in its ability to accommodate various 
metals with differing coordination numbers and oxidation states.  The combination of the 
bis(dithiophosphonate) and metallophilic interactions found in Group 11 metals proved 
fruitful and a series of multi-metallic complexes, with varying nuclearity and topology were 
structurally characterised.  The Cu(I) complex provides the first example of a Cu4L2 
configuration for a tetranuclear copper system and the tetranuclear Ag(I) cluster represents 
the first silver cluster stabilised solely by dithiophosphonates.  Complexation to Au(I) afforded 
a completely new architecture for any transition metal complex known previously.  
Furthermore the coordination of the newly developed ligand to Au(III) and Ni(II) centres 
displayed the ability to stabilize metals with varying oxidation states.  Chapter 4 seeks to 
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address the lack of dithiophosphonate chemistry in the realm of tetranuclear Cu(I) clusters 
and reports the first luminescence data for a series containing seven tetranuclear Cu(I) 
clusters, of the type Cu4L4.  Importantly, the chapter seeks to identify a synthetic route which 
can produce luminescent Cu(I) materials in aqueous environments without requiring 
protection from oxidation.  Chapter 5 looks at an alternative approach to the formation of a 
bifunctional ligand, and involves the grafting of an N-donor ligand (pyridine) onto a 
dithiophosphonate backbone.  The novel ligand afforded several new metal complexes 
including the first Co(II) dithiophosphonate.  Furthermore, the Co(II) and Cd(II) complexes 
were found to be coordination polymers.  In the case of Ni(II), the complex displayed two 
configurational isomers with different crystal morphologies.  Chapter 6 outlines the impact of 
the newly prepared systems and how they have created an avenue for future investigations. 
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Chapter 2  
Diol and tetrol precursors to heterocycles in oxidative –S-
S- coupling reactions  
2.1 Introduction 
Ferrocene has remained an iconic organometallic and sandwich compound ever since its 
structure was confirmed in 1952.1  Ferrocene and derivatives thereof have been involved in 
numerous fundamental and applied research endeavours ranging from biomedical,2 
biosensors,3 catalysis,4 supramolecular materials5 and others.6 
Lawesson’s Reagent (I) is obtained from the reaction between P4S10 and anisole, and primarily 
used as a reagent to convert ketones to thiones,7 its subsequent use as an excellent precursor 
to form dithiophosphonic acids is now well established.  The chemistry of ferrocene is related 
to that of electron-rich aromatics, a fact already established in the year of its discovery.8  
Woollins and co-workers were the first to observe that replacing anisole with ferrocene in 
refluxing xylene forms the associated stable dimer (II) in good yield9 and fundamental in 
forming interesting ferrocenyl heterocycles.10  The reaction between (II) and a vast number 
of primary or secondary alcohols paved the way for the isolation of numerous ferrocenyl-
based dithiophosphonate complexes of the type [M{S2PFc(OR)x] (M = transition metal; Fc = 
ferrocenyl, x = 1-3) by some of us11 and others.12  Dithio-organophosphorus compounds have 
found application in diverse and important industrial areas ranging from anti-oxidant 
additives in the oil- and petroleum industry,13 agricultural pesticide derivatives,14 metal ore 
extraction reagents and flotation agents in the mining industry.15  
 
Figure 2.1. Lawesson’s reagent (I) and its ferrocenyl analogue (II). 
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Within the context of green chemistry, it was recently suggested that a structural modification 
in organophosphorus compounds to reduce toxicity could be achieved by replacing the 
present oxono analogues as acetylcholinesterase (AChE) inhibitors by the less reactive thiono 
analogues.16  A disulfide functionalized bis-ferrocene urea acyclic receptor and urea 
appended upper rim calix[4]arene receptors has been reported for the fabrication of SAM 
redox-active anion sensors.17  Oxidation of [S2PR(OR’)]¯salts can be readily achieved with a 
mild oxidizing agent such as I2 (with or without activated KI) in aqueous or methanolic solution 
leading to disulfane products of the type PR(OR’)(S)S-SPR(OR’)(S) (R = alkyl, aryl). The reaction 
of bis(thiophosphoryl)disulfanes, with metal precursors have been reviewed18 whilst for the 
corresponding bis(thiophosphonyl)disulfanes a number of oxidized S-S coupled compounds 
have been reported.19  All such compounds are derived from reaction with simple alcohols 
(MeOH, EtOH, i-PrOH, etc.) and all form intermolecular S-S oxidative couplings because 
intramolecular bonding is chemically not possible.  As early as the 1970’s, the use of diols and 
polyols to form disulfides was introduced.20  Through the reaction between Lawesson’s 
reagent and diols new stable di-ammonium salts were formed,21 which were possibly 
converted into disulfides but lack verification through structural studies.  The oxygen 
counterpart (phosphonyl peroxides) of the type [(RO)Ph(O)P-O-O-P(O)Ph(OR)] (R = n-butyl) 
are known, but due to their inherent instability, their study is limited to thermal and 
photochemical decomposition pathways.22  By contrast, the disulfide bond is generally 
considered a strong covalent bond, despite a large variation in the bond lengths that can be 
achieved, which at extremes vary from 1.89 Å in gaseous disulfur23 to 2.39 Å in anhydrous 
sodium dithionite.24  Interestingly, a recent study performed DFT calculations on a series of 
diphosphadithiatetrazocines of the type R′RP(NSN)2PRR′ and was scrutinized by topology 
analysis.  Contrary to a regular disulfide bond, it was found that the cross-ring connection is 
only a secondary electron-sharing bond, about half as strong as a common S−S linkage and 
the regular disulfide bond itself is best described as a charge-shift bond.25 
The formation of interlocking rings as a plausible topological motif formed part of the 
motivation for the present study.  Increasing the number of central [CHn]m (n = 0, 1, 2; m = 2 
or 3) groups increase the length of the sidearms leading to larger C/O/P/S-rich cycles upon S-
S coupling which could either i) form interlocking independent molecular rings when the cycle 
becomes sufficiently large or ii) become a large coordination polymer network through a 
combination of intra- and intermolecular S-S coupling. 
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This study report on the reactions between di- and tetra-ols each with (II) (Scheme 2.1) 
forming ammonium dithiophosphonate salts L1-L3, followed by iodine oxidization forming 
the respective disulfide products 1-3 achieved through oxidative intramolecular S-S coupling, 
with representative solid state structures reported for the first time.  The solution and solid-
state MAS NMR 31P NMR results and concentration dependent electrochemical studies 
performed on the ferrocene-based disulfide dithiophosphonate, are reported.  
 
2.2 Results and discussion  
2.2.1 Synthesis 
The dithiophosphonate salts L1, L2 and L3 were prepared by the direct addition of the 
respective alcohols to II and subsequent deprotonation, Scheme 2.1.  In cases where the 
alcohol is in a liquid phase no additional solvent is required.  Therefore liquid ethanediol (or 
ethylene glycol) was added directly to II, with the solids pentaerythritol or trans-1,2-
cyclohexanediol requiring a small amount of toluene.  In all cases the reaction was essentially 
complete once dissolution of all solids took place.  The respective dithiophosphonic acids 
formed were deprotonated in-situ with the weak base ammonia at 0°C (ice bath) forming two 
di- and one tetra-ammonium (Fc)dithiophosphonate salt derivatives L1-3, as shown in Scheme 
2.1.  All of the above salts were found to be relatively stable and could be stored indefinitely 
under a N2 atmosphere.  Prolonged exposure to air eventually lead to the distinct smell of H2S 
being released.  The salts were subsequently oxidized by iodine in a methanol solution 
forming the disulfide heterocyclic products 1-3 as yellow powders through oxidative 




Scheme 2.1. Synthesis of C/O/P/S cycles via oxidative intramolecular S-S coupling. Conditions: 
i) Toluene, 70°C until complete dissolution, then ammonia gas at 0°C, ii) Iodine in MeOH at 
room temperature. 
 
2.2.2 Solution and solid state NMR 
The unsubstituted cyclopentadienyl ring in all cases gave a singlet peak, with the substituted 
ring giving two sets of signals for the pair of equivalent protons.  The 1H NMR showed peaks 
in the expected region, with the exception of compound L1.  Normally ethylene glycol would 
have singlet peaks for the CH2 groups due to symmetry arguments but we found for L1 that 
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the CH2 groups reveal triplets suggesting the molecule has a disrupted symmetry, JH-H = 10.8 
Hz.  The 31P NMR spectra of L1-L3 gave singlet peaks at 94.17, 89.48 and 96.20 ppm which lies 
within the expected range.11c  The 31P NMR spectra of 1-3 also showed singlet peaks in the 
same range which suggests a single isomer and configuration is present in solution.  Previously 
reported compounds with intermolecular S-S bridges described the possibility of the 
formation of two distinct isomers due to the chirality at the P atom.  The rotational freedom 
of the single S-S bridge accounted for the presence of distinct P environments, depending on 
the orientation of the remaining groups on the P atom.  In our case the additional linkage, via 
the alkane O-C-C-O present, restricts this rotational freedom upon formation of the S-S 
bridge, and directs the formation to a single absolute configuration at the P centres.  In the 
solid-state, the packing energy nullifies molecular fluxionality and only one configuration was 
identified.  The corresponding 31P MAS NMR spectrum (Figure 2.2) shows a singlet peak 
resonating at 92.3 ppm.  The spinning sidebands were distinguished from the relevant peak 
by varying the spin-rate of the rotor.  The local environments around the P atoms were 
unperturbed by adjacent dinuclear units and are magnetically equivalent, leading to the 
observed single peak.  Therefore, it is proposed that fixed configuration is present both in 
solution and the solid state.  
 
Figure 2.2. Solid state 31P MAS NMR spectrum with spinning side-bands. 
 
In addition, the structural dynamics of the S=PSSP=S geometries has been studied and 
classified.19  Three distinct geometries are possible, anti-anti where both S atoms point away 
from the disulfide bridge; syn-syn where both point towards the disulfide bridge; and anti-syn 
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which is a hybrid of the aforementioned geometries, Figure 2.3.  Variation in the geometry of 




Figure 2.3. Possible geometries for the P2S4 backbone. 
 
2.3 Solid state analysis 
Selected bond lengths and angles for compounds 1, 2, 3 are shown in Table 2.1 and important 
X-ray crystallographic data and parameters presented in Table 2.2.  Complex 1 crystallizes in 
the monoclinic space group C2/c.  A perspective view of compound 1 is shown in Figure 2.4.  
The cyclopentadienyl (Cp) rings of the ferrocene moiety occupy an eclipsed conformation 
relative to each other.  Interestingly the unique 8 membered hetrocycle [-S-P-O-C-C-O-P-S-] 
formed is the first of its type to be reported.  The average P=S and P-S bond lengths are 1.927 
and 2.102 Å respectively, and shows no deviation from the expected values. A portion of its 
packing in the crystal structure is shown in Figure 2.5.  An interesting observation for 1 is an 
unusually high number of formula units that can be related to the symmetry in the unit cell 
(indicated by the high Z value).  The ethandiol fragment allows for a high packing efficiency as 
compared to 2 and 3.  This allowed for the formation of well-ordered molecular sheets within 
the crystal lattice. 
 




Table 2.1. Selected bond distances (Å), angles (°) and torsion angles (°) for 1-3with e.s.d. in 
parentheses. 
Compound 1  
S(2)-S(3) 2.0697(10) P(1)-O(1) 1.584(2) 
P(1)-S(2) 2.1015(15) P(2)-O(2) 1.587(2) 
P(2)-S(3) 2.1022(10) S(1)-P(1)-S(2) 105.23(4) 
P(1)=S(1) 1.9255(10) S(4)-P(2)-S(3) 105.61(4) 




S(1A)-S(2A) 2.0633(13) P(1A)-O(1A) 1.5863(19) 
P(1A)-S(1A) 2.1178(11) P(2A)-O(2A) 1.5854(18) 
P(1B)-S(1B) 2.1088(9) S(2A)-S(1A)-P(1A) 101.19(4) 
P(1A)=S(3A) 1.9219(11) S(1A)-S(2A)-P(2A) 102.49(4) 
P(2A)=S(4A) 1.9160(11) O(1A)-P(1A)-S(3A) 119.03(8) 
S(2A)-S(1A)-P(1A)-S(3A) 172.93(5) 
S(1A)-S(2A)-P(2A)-S(4A) 163.79(4) 
P(1A)-S(1A)-S(2A)-P(2A) -97.37(4)  
Compound 3 
S(1)-S(2) 2.071(2) P(2)=S(4) 1.923(2) 
S(5)-S(6) 2.066(2) P(3)=S(7) 1.919(2) 
P(1)-S(1) 2.1046(19) P(4)=S(8) 1.9244(19) 
P(2)-S(2) 2.1048(19) P(1)-O(1) 1.596(4) 
P(3)-S(5) 2.0986(19) P(2)-O(2) 1.594(4) 
P(4)-S(6) 2.1082(19) P(3)-O(3) 1.587(4) 












Table 2.2. X-ray crystallographic data for compounds 1, 2 and 3. 
Compound 1 2 3 
Formula C22H22Fe2O2P2S4 C26H28Fe2O2P2S4 C45H40Fe4O4P4S8∙2CH2Cl2 
Fw 620.28 674.36 1418.38 
Crystal System   Monoclinic Monoclinic Orthorhombic 
Space group  C2/c P21/c P b c a 
a, Å  57.4371(9) 17.7370(9)  27.4485(13) 
b, Å  7.41200(10) 15.2384(8) 14.5982(7) 
c, Å  41.5300(6) 21.1581(11) 28.2672(14) 
a, deg.  90 90 90 
b, deg.  104.2230(10) 100.1970(10) 90 
g, deg.  90 90 90 
V, Å3  17138.4(4) 5628.4(5) 11326.6(9) 
Z  28 8 8 
ρcalcd, g cm-3  1.442 1.592 1.664 
T, K  100(2) 173(2) 173(2) 
Completeness, %  99.5 99.7 99.6 
Reflections 
collected 
 205410 45238 52043 
Independent 
reflections 
 21515 10286 12757 
R1a, wR2b [I>2σ(I)]  0.0381, 0.0964 0.0318, 0.0784 0.0596, 0.1616 
R1a, wR2b (all data)  0.0442, 0.00993 0.0426, 0.0849 0.1035, 0.1894 
Goodness of fit  1.204 1.025 1.052 
Largest diff. peak 
and hole, e/Å3 









Figure 2.5. Portion of the crystal structure packing for 1. 
 
Compound 2 crystallizes in the monoclinic space group, P21/c, with a unit cell consisting of 8 
molecules.  Selected bond lengths and angles are shown in Table 2.1. A perspective view of 
complex 2 is shown in Figure 2.6.  The Cp rings are eclipsed, with the cyclohexane ring in the 
chair conformation, Figure 2.7a.  The oxygen atoms on the cyclohexane ring are in a gauche 
conformation (O-C-C-O torsion angles ca. 73°), with both substituents in the axial position.  
Average P=S and P-S bond lengths are 1.921 and 2.111 Å respectively, and shows no deviation 
from the expected values.  Careful inspection of the two P atoms in terms of stereochemistry 
indicates that both have the same absolute configuration.  The heterocycle present in 1 and 
2 is shown in Figure 2.7b.  Notably a structural overlay analysis of the heterocyclic rings in 1 
and 2 reveals that they are isostructural.  In addition only a slight deviation in the orientation 
of the ferrocene units are observed.  This indicates that the impact of the cyclohexyl backbone 









Figure 2.7. a) Chair conformation of cyclohexyl group present in 2. b) 8 membered hetrocycle 
present in 1 and 2. c) 9 membered heterocycle present in 3. 
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Compound 3 crystallizes in the orthorhombic space group Pbca with two solvate molecules 
of CH2Cl2.  The P atoms both have the same absolute configuration.  The P=S and P-S bond 
lengths are not significantly different from 4 and 5, measuring 1.923 and 2.105 Å respectively.  
The S-S coupling results in the formation of two 9-membered heterocycles with one common 
atom which lies on the centroid (Atom C1), shown in Figure 2.8.  Interestingly the ferrocene 
moieties differ in their conformation with both staggered and eclipsed forms present in the 
same molecule.  This accounts for the large uncertainty in the position of the carbons on the 
Cp substituents.  
 
 
Figure 2.8. Thermal ellipsoid drawing (50% probability) of 6. Hydrogen atoms and CH2Cl2 









Cyclic voltammetry was used to investigate the reversibility of the ferrocenium-ferrocene 
redox couple.  Measurements were taken at the Pt electrode in a 1 M solution of [NBu4][PF6].  
Dichloromethane was used as solvent due to its inertness towards ferrocenium-type ions.  
Pertinent cyclic voltammetric data is summarized in Table 2.3.  
Table 2.3. Electrochemical Data for Heterocycles 
Compound Ferrocene 1 3 
Epf  303 512 417 
ipf 9.87  7.98 6.64 
Epr  202 393 298 
ipr -10.8 -9.20 -27.9 
ipr/ ipf 1.15 1.15 4.20 
ΔE = Epf - Epr 101 119 119 
a All the potential and current values are quoted in mV and µA, for a scan rate of 50 mV/s. 
 
Macrocycles 1 and 3 exhibit a reversible oxidation of the ferrocene moieties that deviate from 
the standard ferrocene.  This shift to a higher potential, as compared to ferrocene, can be 
attributed to the electron withdrawing nature of the substituents on the cyclopentadienyl 
rings, which reduces the electron density on the metal centre.  The loss of electron density by 
inductive effects impedes the oxidation process and accounts for the increase in the potential.  
The separation between the cathodic and anodic peaks, ΔEp were 0.10, 0.12 and 0.12 V, for 
ferrocene, 1 and 3, respectively.  The compounds show a degree of reversibility with 1 having 
a ipa/ipc that is not significantly greater than unity, 1.15.  These values are significantly larger 
than expected for a two electron reversible process.  This deviation can possibly be assigned 
to the uncompensated resistance given by the low conducting solvent, dichloromethane.  A 
single oxidation process is visible on the voltammograms of the compounds, as shown in 
Figure 2.9 and 2.10.  This implies that the linkage between the ferrocene moieties is 
nonconductive and blocks electronic communication.  The saturation of the S-S bridge and 
carbon skeleton are a key factor in this regard.  Therefore redox activity is restricted to single 




Figure 2.9. Concentration dependent cyclic voltammograms of 1. 
 





Figure 2.11. Comparative cyclic voltammograms of 1, 3 and ferrocene. 
 
In summary, this chapter demonstrated the first examples of structurally characterized 
intramolecular S-S coupling of dithiophosphonates, which led to the formation of novel 
heterocyclic compounds.  Variation of the alcohol chain length led to the formation of two 
ring sizes.  X ray analysis showed that the SPPS backbone adopts a single conformation in all 
cases.  Redox activity was investigated and the ferrocene moieties seem to act as independent 
receptors.  In relation to the objectives outlined in Chapter 1, this chapter illustrated the 
plausibility of multiple dithiophosphonates on a common backbone and outlines synthetic 








All commercial chemicals and other reagents were used as received.  Phosphorus-
pentasulfide, ferrocene, iodine (sublimed), ethanediol, 1,2-trans-cyclohexanediol and 
pentaerythritol were purchased from Sigma Aldrich and used without further purification. 
Ammonia gas was obtained from Afrox (South Africa).  Unless otherwise noted, all reactions 
and manipulations were carried out under an inert atmosphere with a positive nitrogen gas 
flow using standard Schlenk techniques.  Diethyl ether, THF, benzene, and hexane were 
distilled under dinitrogen over a Na wire with the formation of a benzophenone ketyl 
indicator.  Dichloromethane was distilled over P4O10. Methanol and ethanol were distilled 
from I2/Mg turnings.   
Mass spectral analyses were performed on a Waters API Quattro Micro spectrometer.  1H and 
31P{1H} NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer.  NMR data 
are expressed in parts per million (ppm) downfield shift and for 1H spectra referenced 
internally to the residual proton impurity in the deuterated solvent (CDCl3 in all cases) whilst 
31P spectra chemical shifts are reported relative to a 85% H3PO4 in D2O external standard 
solution, all at 298 K. Data are reported as chemical shift position (δH), multiplicity, relative 
integral intensity and assignment. Solid state 31P NMR spectra were obtained on a Bruker 600 
MHz spectrometer operating at room temperature with a magic angle spinning (MAS) probe. 
Melting points were determined using a Stuart SMP3 melting point apparatus. Elemental 
analyses were performed using a ThermoScientific Flash 2000 CHN Analyzer.  Cyclic 
voltammetry measurements were recorded on a Metrohm 797 Computrace, equipped with a 
three electrode system: a Pt working electrode, a Ag|AgCl reference electrode and an auxiliary 
Pt electrode. The Metrohm CT797 Application (Versions 1.3.2.85) software was utilized for 
both operation and data analysis. The ferrocenyl compounds were dissolved in 
dichloromethane and added to a tetrabutylammonium hexafluorophosphate (0.1 M) 






2.6.1 Synthesis of (NH4)2[S2P(Fc)OCH2CH2O(Fc)PS2], (L1).  
 
Dry ethanediol (0.200 mL, 3.570 mmol) was 
added to (FcP(S)S)2 (2.000 g; 3.570 mmol) at 
70° C until complete dissolution of solids was 
observed. The reaction vessel was allowed to 
cool down to room temp. and then placed in 
an ice bath and anhydrous NH3 slowly bubbled 
through resulting in the formation of a yellow 
precipitate. The ammonium salt was then 
dissolved in THF and filtered through anhydrous MgSO4/Celite. The volume of the filtrate was 
reduced in vacuo. Ether was added to precipitate and consolidate the product to yield a bright 
yellow powder.  Yield:  1.157 g (54%).  Melting point: 161.4-161.8°C.  1H-NMR (CDCl3) δ: 4.933 
– 4.855 (t, 2H, J = 10.8 Hz, CH2); 4.624 – 4.438 (d, 4H, J = 55.8 Hz, Fc(4)); 4.315 – 4.289 (d, 4H, 
J = 7.8 Hz, Fc); 4.413 (s, 10H, Fc); 3.998 – 3.909  (t, 2H, J = 13.4 Hz, CH2).  31P-NMR δ: 94.17 (s, 
2P, P-S). ESI-MS: m/z 620 (100%) [S2(Fc)P (OC2H4O) P(Fc)S2]2-.  
 
2.6.2 Synthesis of (NH4)2[(S2PFc)2(trans-1,2-O,O'-C6H10)], (L2).  
 
A toluene solution of 1,2-trans-
cyclohexandiol (0.318 g, 2.740 mmol) was 
added to (FcP(S)S)2 (1.500 g, 2.677 mmol)  
at 70° C and heated until complete 
dissolution of solids was observed. The 
reaction vessel was then placed in an ice 
bath and anhydrous NH3 slowly bubbled 
through resulting in the formation of a yellow precipitate. The ammonium salt was then 
dissolved in THF and filtered through anhydrous MgSO4/Celite. The volume of the filtrate was 
reduced in vacuo. Ether was added to precipitate and consolidate product to yield a caramel-
yellow powder.  Yield:  1.236 g (65%).  Melting point:  154.4°C (dec).  1H-NMR (CDCl3) δ: 1.-
1.49 (t, 2H, J = 10.21 Hz, CH2); 1.61 – 1.77 (m, 2H, CH2); 1.82 – 1.93 (m, 2H, CH2); 2.24-2.37 (m, 
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2H, CH2); 4.34 (s, 10H, Fc(5)); 4.44-4.51 (d, 4H, J = 11.29 Hz , Fc); 4.59 (s, 2H, CH); 4.77-4.93 
(m, 4H, Fc);. 31P NMR δ: 89.48 (s, 2P).  
 
2.6.3 Synthesis of (NH4)4[C{CH2OPS2(Fc)}4], (L3).  
 
A toluene solution of pentaerythritol 
(0.244 g, 1.785 mmol) was added to 
(FcP(S)S)2 (2.000 g; 3.570 mmol) at 70° C 
and heated until complete dissolution of 
solids was observed. The reaction vessel 
was then placed in an ice bath and 
anhydrous NH3 slowly bubbled through 
resulting in the formation of a yellow 
precipitate. The ammonium salt was then 
dissolved in THF and filtered through 
anhydrous MgSO4/Celite. The volume of 
the filtrate was reduced in vacuo. Ether was 
added to precipitate and consolidate 
product to yield a bright yellow powder.  Yield:  1.953 g (83%).  Melting point:  192.4-193.0°C.  
1H-NMR (CDCl3) δ: 4.729 – 4.626 (d, 8H, J = 30.9 Hz, Fc); 4.548 – 4.499 (d, 8H, J = 14.7 Hz, Fc); 
4.330 – 4.306 (t, 4H, J = 3.6 Hz, CH2); 4.153 (s, 20H, Fc); 2.161 – 2.154 (t, 4H, J = 1.1 Hz, CH2).  
31P NMR δ: 96.20 (s, 4P, P-S). ESI-MS: m/z 1252 (15%) [S4(Fc)2P2(O2C5H8O2)P2(Fc)2S4]4-.  Anal. 








2.6.4 Synthesis of [{-CH2OP(S)(Fc)S-}2], (1).  
 
The dithiophosphonate salt (L1) (0.200 g, 0.075 
mmol) was dissolved in MeOH.  I2 (0.021 g, 
0.083 mmol) was added to the salt solution. A 
yellow precipitate formed immediately and was 
stirred for a further 20mins to ensure 
completion. The product was collected by 
vacuum filtration and dried in vacuo to yield a bright yellow powder Yield:  0.068 g (72%).  
Melting point: 186.6-187.0°C.  1H-NMR (CDCl3) δ: 5.103 – 5.020 (t, 4H, J = 12.5 Hz, CH2); 4.784 
– 4.598 (d, 2H, J = 55.8 Hz, Fc); 4.483 – 4.452 (d, 2H, J = 9.3 Hz, Fc); 4.308 (s, 10H, Fc); 4.159 – 
4.093 (t, 2H, J = 9.9 Hz, CH2). 31P NMR δ: 93.26 (s, 2P, P-S). ESI-MS: m/z 620 (100%) 
[S(Fc)P(OC2H4O)P(Fc)S]. Single crystals suitable for X-ray studies were obtained from the slow 
evaporation of dichloromethane solution. 
 
2.6.5 Synthesis of [(S2P-Fc)2(trans-1,2-O,O'-C6H10)], (2).  
 
The bis(dithiophosphonate) salt (L2) (1.054 g, 
1.483 mmol) was dissolved in MeOH.  I2 (0.381 
g, 1.504 mmol) was added to the salt solution. 
A yellow precipitate formed immediately and 
was stirred for a further 20 mins to ensure 
completion of the reaction. The product was 
collected by vacuum filtration and dried in 
vacuo to yield a bright yellow powder.  Yield:   
0.810 g (81%).  Melting point: 149.8 – 150.2 °C.  1H-NMR (CDCl3) δ: 1.42-1.49 (t, 2H, J = 10.21 
Hz, CH2); 1.61 – 1.77 (m, 2H, CH2); 1.82 – 1.93 (m, 2H, CH2); 2.24 – 2.37 (m, 2, CH2); 4.34 (s, 
10H, Fc); 4.44 – 4.51 (d, 4H, J = 11.29 Hz , Fc) 4.59 (s, 2H, CH); 4.77 – 4.93 (m, 4H, Fc); 31P NMR 
δ: 89.48 (s, 2P, P-S), Anal. Calc. for C26H28Fe2O2P2S4 (674.40): C 46.30; H 4.18 %.  Found: C 
45.82; H 4.28 %.  Single crystals suitable for X-ray studies were obtained from the slow 
diffusion of hexane into a concentrated dichloromethane solution of 2. 
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2.6.6 Synthesis of [C{CH2OP(S)(Fc)S}4], (3).  
 
The tetra(dithiophosphonate) salt (L3) (3.000 g, 
2.265 mmol) was dissolved in MeOH.  I2 (1.150 g, 
4.529 mmol, 2 molar equiv.) was added to the salt 
solution. A yellow precipitate formed immediately 
and was stirred for a further 20 mins to ensure 
completion of the reaction. The product was 
collected by vacuum filtration and dried in vacuo 
to yield a bright yellow powder Yield:  2.518 g 
(89%).  Melting point:  199.8-200.2°C (dec).  1H-
NMR (CDCl3) δ: 4.738 – 4.630 (d, 4H, J = 32.4 Hz, 
Fc(4)); 4.551 – 4.505 (d, 4H, J = 13.8 Hz, Fc(4)); 
4.387 – 4.360 (d, 4H, J = 8.1 Hz, Fc); 4.319 (s, 20H, 
Fc); 4.219 – 4.190 (d, 4H, J = 8.7 Hz, Fc); 1.621 – 1.485 (t, 8H, J = 20.7 Hz, CH2); 1.230 – 1.193 
(t, 8H, J = 11.1 Hz, CH2). 31P-NMR δ: 95.2927 (s, 4P, P-S). ESI-MS: m/z 1255 – 1252 (100%) 
[C45H48Fe4O4P4S8]. Single crystals suitable for X-ray studies were obtained from the slow 
evaporation of dichloromethane solution. 
 
2.6.7 X-ray structure determination 
Crystals were mounted on glass fibers with epoxy resin, and all geometric and intensity data 
were collected on a Bruker APEXII CCD diffractometer equipped with graphite 
monochromated Mo-Kα radiation (λ = 0.71073 Å). The data reduction was carried out with 
SAINT-Plus software.26 The SADABS program was used to apply empirical absorption 
corrections.27 All structures were solved by direct methods and refined by full-matrix least-
squares on F2 with SHELXTL software package28 found in SHELXTL/PC version 5.10.29 Thermal 
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Chiral Dithiophosphonates: Teaching an old dog new 
tricks 
3.1 Introduction 
Previous investigations into the reaction of diols, noncyclic (1,2-ethanediols and 1,4-
butanediols)1 and aromatic (o-dihydroxybenzene derivatives),2 with diphosphetane dimers 
resulted in the formation of a mixture of products.  The reaction was carried out in acetonitrile 
at 80 °C and elimination of H2S during the reaction resulted in the formation S-S bond linkages, 
by thermal redistribution.3  The isolation of bis-dithiophosphonic acids in the form of 
ammonium salts with iodine oxidation, and the subsequent formation of –S-S- bonds to form 
disulfide rings, has been reported4 and explored in Chapter 2.  However, the ligation potential 
of the salts, in most cases, was not a priority and literature containing complexes with 
bis(monoanionic) dithiophosphonate ligands is limited.5-7  More importantly these reports 
lack structural characterisation.  Recognizing the possibility of creating completely novel 
systems with respect to the dithiophosphonate motif, this work explores diols related to 
isomeric saturated cyclic alkanes in particular, and en route to the preparation of multinuclear 
metal complexes.  
 
3.1.1 Ligand design 
 
In the realm of coordination-driven assembly, two significant factors are the acceptor 
(coordination site) and the donor (ligand) (outlined in Chapter 1, Section 1.4).  The donor can 
be broadly defined as being linear units which contain coordination sites at 180° relative to 
each other or angular units which possess coordination sites at desirable angles to each other.  
The possibility of generating a system in which the donor could satisfy a multitude of 
acceptors by adopting different geometries and conformations is of particular interest.  
Consequently, an ideal candidate for such a coordination study would have a molecular 




To this end we sought to incorporate the cyclohexane molecule into the backbone of the 
ligand.  Cyclohexane can occupy different orientations with free rotation around the sp3 
hybridized carbon atoms and C-C bond angles of 109.5°.  The conformations include the chair, 
half chair twist boat and true boat.  The chair conformation is the most energetically favored 
for the unsubstituted ring followed by the twist boat and boat confirmations, Figure 3.1. 
 
 
Figure 3.1. Conformations of unsubstituted cyclohexane. 
 
The next factor to consider is the position of the substituents which also plays a significant 
role in accessibility to the conformations.  A 1,2-substitution was chosen not only to keep the 
coordinating moieties in close proximity but also to more likely result in a concrete molecular 
entity, i.e. not a coordination polymer.  Two isomers are possible for the di-substituted 1,2-
cyclohexandiol, i.e. cis or trans, shown in Figure 3.2.  In both cases the substituents can occupy 
either axial or equatorial positions.  The benefit of the trans-isomer over the cis isomer is the 
possibility of two distinct enantiomers (or ring conformations as a result of ring inversion), 
shown in Figure 3.2.  The plane of symmetry present in the cis derivative infers that the meso 




Figure 3.2. Representation of cis- and trans-1,2-cyclohexandiol. Ring inversion of the trans 
isomer gives rise to an enantiomer, which is not possible for symmetric cis which has a mirror 
plane (shown in red). 
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An example of the ligand used with great success in this study, and which meets the above 
requirements, is shown in Figure 3.3. 
 
Figure 3.3. Incorporation of ligand design characteristics into the dithiophosphonate moiety. 
 
3.1.2 Metal architectures  
The combination of the newly synthesized bis(dithiophosphonate) ligands, and the coinage 
metals (which have a known affinity to form metal-metal interactions) affords the opportunity 
to prepare novel multi-nuclear complexes. In the current context the possible geometries 
need to be outlined. Herein we describe the chemistry of Group 11 metal (Cu, Ag and Au) 
clusters previously reported.  
 
3.1.3 Tetranuclear Ag(I) topologies 
Recently the implications of argentophilic interactions has been reviewed.8  These 
interactions play a role in the formation of multinuclear networks.  However, unlike its Au(I) 
counterpart, Ag(I) complexes are rarely 2-coordinate and examples contain bulky ligands 
which inhibit intermolecular interactions.8  The Ag‧‧‧Ag interaction nevertheless plays a role 
in the formation of poly-nuclear Ag(I) complexes.  Analysis of previously reported structures, 




Figure 3.4. Ag(I) metal frameworks observed in literature. 
 
It should be noted that the phosphor-1-1-dithiolates are not a well-established ligand system 
for the stabilization of tetranuclear Ag clusters, although numerous Ag clusters of higher 
nuclearity are known.  One example is a mixed S/Se dichalcogenophosphinato ligand which 
was used to prepare a cluster of the type [Ag(SSePiPr2)]4, with geometry of type IV.9  A search 
of literature yielded no examples of tetranuclear Ag(I) clusters stabilized by 
dithiophosphonates.  Nonetheless the architecture has been shown to be supported by a 
diverse group of ligands and some examples are discussed here.  
Selbin and coworkers showed that the geometry is not limited to specific ligand type, as the 
dithiobenzoate ligands were capable of stabilizing both type I and  III architectures.10  The 
earliest structural report of a square arrangement (type I) was as early as 1978,11 and other 
examples are known in literature.12-15  An interesting example of type I was stabilized by iron 
carbonyl bridges which resulted in the formation of a mixed metal cluster, of the type [Ag4{μ2-
Fe(CO)4}]4-.16  Halides have been shown to possess the ability to aid in the stabilization of type 
I arrangements, with chloride,17 bromide18  and iodide.19  One example contained chloride in 
two different environments, with four bridging (μ2) chloride ions at the perimeter and one μ4-
Cl present at the centre of the silver atoms. 17  Yam and co-workers reported a series of 
chalcogen (μ4) centred square arrays which were shown to have interesting photophysical 
properties.20  Increasing interaction of diagonal Ag(I) atoms resulted in the type II 21 22 motif.  
Reaction of acetylide ligands of the type [LiCCPh] with [CpAgPPh3] is one such example.23  A 
distorted tetrahedron with four Ag contacts (type III) has been reported. 24  Ferrocene was 
incorporated with the use of 1,1′-bis[(2-hydroxybenzylidene)thiocarbonohydrazono-1-
ethyl]ferrocene as a ligand.25  Helicate stabilized structures of type IV have been prepared 
from a pentatopic ligand which coordinated via briding sulfur atoms to the Ag core. 26  It 
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appears that chalcogens in general are effective in stabilizing Ag frameworks and thiolates 
with trigonal-planar coordination to the silver atoms (type IV) have been reported.27  Type IV 
clusters are notably not the dominant form of tetranuclear Ag(I) frameworks and a lack of 
such clusters with phosphor-1-1-dithiolate ligands provides a great opportunity to 
demonstrate the flexibility of this novel ligand system.  Herein we report the first 
dithiophosphonate stabilized tetranuclear Ag(I) cluster to be structurally reported. 
 
3.1.4 Gold metallacycles 
Metallatriangles are well established supramolecular architectures and examples are known 
for a large number of transition-metals; they all contain three metal atoms within a 
metallacycle that approximates to the shape of a triangle.28  Gold triangles contain three gold 
atoms within the triangle and commonly form from Au(I) precursors with bidentate 1,2-C,N 
or N,N monoanionic ligands (linkers) through coordination-driven self-assembly, Figure 3.5.29  
Such gold triangles are typically 9-membered metallacycles which invariably contain 
intramolecular Au···Au interactions due to the small size of the triangle.   
 
Figure 3.5. Known Au(I) metallatriangles. 
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The first cyclic gold triangle was reported by Vaughan in 1970 (I) and contains bridging 2-
pyridyl linkers;30 this triangle is also a useful precursor for entry into Au(I) carbene 
chemistry.31  Other gold triangles followed, and include linkers forming carbeniates32-34 (II) 
(which include complexes advancing luminescence and polymorphism properties),35, 36 and 
imidazolates (III).37, 38  A significant number of gold triangles from substituted pyrazolates (IV) 
have also been reported.39-41 
 
3.1.5 Oxidative addition reactions 
Oxidative addition (OA) reactions of small molecules across dinuclear Au(I) complexes of the 
type [Au(CH2)2PR2]2 (A)42, 43 and [Au(CH2)(S)PR2]2 (B) 44, 45  and [Au(NRCHNR)]2 (C)46 have been 
well established.  
 
Scheme 3.1. i) Ylides which have previously shown oxidative addition reactions with small 




These systems contain C-P-C (A), C-P-S (B) and N-C-N (C) bridging monoanionic ligands and 
upon oxidation all readily form homovalent dinuclear Au(II)/Au(II) complexes with a formal σ-
bond between the d9 gold(II) centres.  In the less studied bridging S-C-S case, 
[Au2{S2CC(CN)2}]2- complex which does add X2 (halide or other small molecule) but 
importantly, the negative charge of the resulting Au(II) complex appears to greatly improve 
its stability.47,48  For the related S-C-S bridging neutral dithiocarbamate complexes of the type 
[AuS2CNR2]2, an OA reaction had been suggested, but was found to be too unstable to isolate 
at room temperature.49  Recently, the addition of the elusive F2 across type (C) had been 
achieved.50  Alternatively, oxidation of these dinuclear units can also lead to heterovalent 
Au(I)/Au(III) systems achieved simply through a change in solvent polarity where only one of 
the gold centres become oxidized.  Either way, in all above OA cases the dinuclear unit 
remains intact.   
Importantly, OA reactions for dinuclear Au(I) complexes containing solely bridging S-P-S 
ligands are rare (further discussion follows in Section 3.2.4).  A closely related example to 
achieve this feat is the mixed ligand complex [Au2{(CH2)2PMe2}{S2PPh2}], which adds Cl2 
reversibly.51  Indeed, the complex [Au(S2P(OH)Ph)2]Cl is the first structurally characterized 
mononuclear Au(III) complex with a S-P-S chelating ligand.52  The complex was prepared from 
the reaction between [AuCl(tht)] and a large excess of Na[S2P(OH)Ph].  Clearly, oxidation of 
the Au(I) centre occurred, but oddly no oxidant added across it (the ligand charge remained 




3.2. Results and discussion 
3.2.1 Ligand synthesis 
The reaction of Lawesson’s Reagent with trans 1,2 cyclohexanediol results in the quantative 
formation of the corresponding dithiophosphonic acid (Scheme 3.2). Subsequent 
deprotonation of the acid with NH3 leads to the formation of the corresponding 
dithiophosphonate ammonium salt. 
 
 
Scheme 3.2. Reaction of LR and trans-1,2-cyclohexandiol (R = C6H5(OEt)).  
 
Compared to previously described reactions of diols,1, 2 the reaction results in the sole 
formation of a bis(monoanionic) group. This could be attributed to the controlled amount of 
flexibility provided by the saturated cyclic alcohol and the trans isomer allows for reactions 
to occur on opposite faces relative to the ring.  Obviously the cis ligand was also tested, and 
indeed leads to a quantitative yield of the ligand product, but subsequent metal complex 
formation proved challenging as no single crystals could be successfully grown, which we 
ascribe to undesirable crystal packing effects. The saturation of the alcohol is a key factor, as 
electronic communication between the reaction centres are negated and the two potential 
chelating units can act independently.  The configuration is such that the two phosphorus 
environments are chemically equivalent, with a single resonance at 105 ppm in the 31P NMR 
spectrum. Diols offer new perspectives in forming dithiophosphonates because it: i) 
introduces two monoanionic dithio moieties within close proximity, ii) introduces potentially 
intricate isomers in that either R or S isomer formation can occur on each P atom in theory. 
In practice, however, the least congested (stable) option is typically favoured (this offers a 
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distinctly different but less predictable molecular structure outcome when compared to "flat 
diols" such as 1,2-dihydroxybenzene), and iii) increases ligand flexibility due to sp3 hybridized 
C atoms that abound.  
Complexation to coinage metals offers a good starting point in the description of the ligand 
capabilities. Complexes of Cu(I), Ag(I) and Au(I) will be described here. It should be noted that 
the metallophilic interactions increases down the Group 11 coinage metals, and its impact 
will therefore be investigated.  The copper and silver complexes result in the formation of a 
tetrahedron core with metal atoms, while the gold results in the formation of a new 
hexanuclear triangle. 
 
3.2.2 Tetranuclear Cu(I) cluster 
The reaction of [NH4]2[(S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)] with Cu(CH3CN)4PF6 (molar 
ratio 1:2) in THF led to the formation of the first tetranuclear cluster with a Cu4L2 
configuration, Scheme 3.3.   
 
Scheme 3.3. Synthesis of tetranuclear Cu(I) cluster (4). 
The 31P NMR spectrum displays a single peak at 104.39 ppm, shown in Figure 3.6.  Unlike its 
counterparts the chemical environments around each P atom is identical.  The configuration 
of the cluster is therefore persistent in solution.  The 1H-NMR shows no significant deviation 
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from the free ligand.  The cluster shows stability in air but is susceptible to oxidation upon 
prolonged exposure.  
 
Figure 3.6. 31P-NMR spectrum of 4 in CDCl3. 
 
Crystals of 4 showed a lack of stability at room temperature, and thus indicated that solvates 
were present in the lattice, slowly leaking out.  Compound 4 crystallizes in the triclinic space 
group P-1, with two molecules of 4 and three solvates in the unit cell, shown in Figure 3.7.  
Selected bond lengths and angles can be found in Table 3.1.  The solvate molecules occupy 
non-symmetric positions in the lattice and therefore causes a reduction in the overall 




Figure 3.7. Molecular structure of 4, thermal ellipsoids drawn at 35% probability, hydrogens 
omitted for clarity. Central Cu atoms are blue. 
The metal framework reveals a core of four copper atoms arranged in a distorted tetrahedron.  
The tetrahedron is stabilized by four sulfur bridged metal Cu∙∙∙Cu contacts with average 
distance of 2.7 Å, shown in Figure 3.8a.  The non-bridged Cu atoms are at a distance of 3.08 
Å, which is significantly longer than the sum of the van der Waals radius of two Cu atoms (2.8 
Å) and not within the range reported for Cu-Cu (based on a search of the CCDC 2.632-2.978 
Å).  
The average S-P-S bite angles of the ligand are 116°, with each S-P-S moiety capping a 
triangular face of the tetrahedron.  The intra-ligand S∙∙∙S bite distance is 3.417 Å, with Cu-S 
bond distances of 2.292 Å. Each S-P-S moiety coordinates in a trimetallic, tri-connective (μ2-
S; μ1-S) coordination mode and is shown in Figure 3.8b.  Although the charge is delocalized 
across the S-P-S fragment, differential P-S bond lengths exists with the P-S1 bond (2.058 Å) 
being slightly longer than the P-S2 bond (1.979 Å).  The ca 8 pm elongation arises as a direct 
result of the denticity, with S(2) bridging two Cu atoms a resultant loss of electron density 
occurs in the corresponding P-S bond.  The inherent flexibility of the cyclohexyl groups allows 
for S-P-S fragments freedom to bind to all four copper atoms.  The cyclohexyl groups are in a 
chair confirmation with oxygen substituents on the ring in a gauche confirmation (O-C-C-O 
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torsion angle ca. 63°), shown in Figure 3.8c. These chelating ligands can be described as having 
two S-P-S fragments tethered to each other, which results in the copper tetrahedron 
becoming somewhat distorted.  
 
 
Figure 3.8. a) Tetra-nuclear Cu(I) core present in compound 4 with ligands omitted for clarity 
b) Trimetallic triconnective bonding mode present for each S-P-S moiety c) Chair 




3.2.3 Tetranuclear Ag(I) cluster 
 
The addition of 2 equivalents [Ag(CH3CN)4]PF6 to [NH4]2[(S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-
C6H10)] in THF led to the formation of the first tetranuclear Ag(I) cluster stabilized by 




Scheme 3.4. Synthesis of a tetranuclear Ag(I) cluster (5). 
 
Once formed, the complex is very unstable in the presence of light and prone to 
decomposition.  This decomposition is clearly visible in solutions exposed to light, with the 
appearance of metallic silver deposits with mirror formation.  This decomposition is 
confirmed by the 31P NMR which displayed two peaks, Figure 3.9. One peak at 100.66 ppm 
which corresponds to the cluster and is not significantly different from its copper counterpart.  
The second peak at 105 ppm corresponds to chemical shift of the free ligand. The UV/light 
sensitivity of 5 did not affect the growth of single crystals from solution, and Xray analysis was 
possible.  A short collection strategy at 100 K was possible, presumably due to the highly 
symmetric space I 41/a found.  A molecular representation of 5 is shown in Figure 3.10. 





Figure 3.9. Decomposition of 5 in solution as seen in the 31P NMR spectrum. 
 
Figure 3.10. Molecular representation of 5 with ellipsoid drawn at 35 % probability and 
hydrogen atoms omitted for clarity. 
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The Ag core in 5 is significantly different from its Cu(I) counterpart with the tetrahedron 
stabilized by 6 Ag∙∙∙Ag metal contacts, Figure 3.11.  Two distinct contacts can be identified: 1) 
four shorter contacts bridged by sulfur with a distance of 3.023 Å and 2) two longer non-
bridged Ag atoms at a distance of 3.346 Å, which is marginally shorter than the sum of the 
van der Waals radii of two Ag atoms (3.44 Å).  
 
Figure 3.11. Ball and stick representation of the Ag(I) core present in 5. 
 
However, no solvates are present in the crystal lattice. This allows for a better interpretation 
of the symmetry present in the molecular units and the unit cell as a whole.  The Ag cluster 
crystallizes in the tetragonal space group I41/a, with the asymmetric unit containing one 
quarter of a complete Ag4 cluster, shown in Figure 3.12a.  The introduction of the cyclohexane 
into the dithiophosphonates has introduced symmetry within the bis(dithiophosphonate).  
When focusing on the ligand, a C2 rotation axis is present between the 1,2 and 4,5 positions 
on the cyclohexane ring, shown in Figure 3.12b.   
 
 
Figure 3.12. a) Asymmetric unit present 5 which represents a quarter of the molecule.b) 




Table 3.1. Selected bond lengths (Å) and bond angles(°), for 4 and 5, with e.s.d. in brackets. 
4 5 
P(1)-S(1) 1.983(2) P(1)-S(1) 2.0308(9) 
P(1)-S(2) 2.042(2) P(1)-S(2) 1.9810(9) 
P(2)-S(3) 1.981(2) O(2)-P(1) 1.6071(18) 
P(2)-S(4) 2.043(2) Ag(1)-S(1) 2.4685(7) 
O(1)-P(1) 1.593(5) Ag(1)-Ag(1)2 3.0233(3) 
Cu(1)-Cu(2) 2.6989((12) Ag(1)-Ag(1)1 3.3455(4) 
Cu(1)-Cu(4) 2.7301(11) P(1)-S(1)-Ag(1) 98.48(3) 
Cu(2)-Cu(3) 2.7214(12) S(2)-P(1)-S(1) 116.74(4) 
Cu(3)-Cu(4) 2.7202(12)   
S(1)-P(1)-S(2) 115.79(79)   
 
3.2.3 Hexanuclear Au(I) metallatriangle 
 
The reaction of (NH4)2[(S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)] with [AuCl(tht)] (tht = 
tetrahydrothiophene) (molar ratio 1:2) in THF at room temperature led to the formation of a 
novel 27-membered metallatriangle 6 of the type [Au2{S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-
C6H10)}]3, as outlined in Scheme 3.5.  As such, it is three times larger than any of the 
aforementioned Au(I) triangles (Section 3.1.4), and contains three dinuclear Au(I) units.  
Notably, of the 27 atoms within the ring, only 6 are C atoms, the remaining 21 atoms comprise 
the heteroatoms O, P, S, and Au.  Metallatriangles containing dinuclear units were hitherto 





Scheme 3.5. Formation of 6, [Au2S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)]3. 
 
Dinuclear complexes of the type [AuS2R(OR’)]2 are known to be present as both syn and anti- 
isomers in solution, generating a duplication of peaks in NMR experiments, one for each 
isomer. The solution structure of 6 appears complex as revealed by the decoupled 31P NMR 
spectrum, showing ten unidentified singlet peaks within the region 92 – 106 ppm, which are 
all in the expected region for this complex type.58-60  Complex 6 seems susceptible to forming 
rearrangement/isomerization products in deuterated chloroform.  Previous studies have 
shown that a dynamic equilibrium can exist in solution between different supramolecular 
assemblies and are observable on the NMR time scale, as described for Pd(II) and Pt(II) 
complexes.61,62 Repeating the NMR experiment in deuterated-dmso solvent reduced the 
number of peaks and hence increased the solution stability.  However, it still revealed two 
singlet peaks resonating at 99.39 and 13.42 ppm.  The former is undoubtedly assigned to 6 as 
it falls in the region found for the Cu(I) and Ag(I) systems.  It also suggests that the syn and 
anti isomerization does not take place, similar to the above examples.  Unfortunately the 
latter peak appears persistent but could not be unambiguously identified.  Resorting to solid-
state MAS 31P NMR, the bulk purity of 6 was confirmed with a singlet peak resonating at 95.60 





In summary, NMR demonstrates that solution rearrangement/isomerization processes are at 
work.  The peak at 13.42 ppm aside, we are reluctant to wholly ascribe these phenomena to 
decomposition since the same (presumably pure) gold starting material was used for further 
oxidative addition reactions.   
 
Figure 3.13. Solid state MAS 31P NMR spectrum of 6. 
 
Crystals of 6  revealed a tetragonal space group I41/a, with a CH2Cl2 solvate present.  The 
geometry of the complex is completely different from its Cu and Ag counterparts.  A molecular 
representation is shown Figure 3.14 and bond lengths/angles presented in Table 3.2.  The 
difference in structure can be attributed to several factors, which include but are not limited 
to the following: 
1. The preferred coordination geometry of 2-coordinate Au(I) is linear.   
2. An increase in size of the metal centres have made it impossible for the ligand to 
accommodate the required orientation.   





Figure 3.14.  Molecular structure of complex 6: thermal ellipsoids drawn at the 35% 
probability level, solvates and H atoms omitted for clarity. 
 
Complex 6 exhibits two different types of intramolecular Au···Au interactions: a) an 
interaction between the gold atoms within each of the three dinuclear units at an average 
distance of ca. 3.0 Å, and b) interactions between each gold atom and the two gold atoms 
situated across the cavity at a slightly longer average distance of ca. 3.3 Å, Figure 3.15a.  There 
are no significant intermolecular Au···Au interactions within 6.  The Au∙∙∙Au interactions are 
of sufficient magnitude that all the Au(I) atoms are coplanar.  Likewise the intramolecular 
Au···Au interactions across the cavity add additional stability to the extent that it twists the 
molecule to retain the triangular architecture; for example the S-Au-S linkages are essentially 
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linear in some cases (179°), whilst in others significantly distorted (165°).  Within each 
dinuclear unit the S-Au-S axes do not run parallel to each other and torsion angles of ca 19 ° 
for S-Au···Au-S are present.  This results in a significantly large cross-over for a fully supported 
dinuclear unit, Figure 3.15b.60  The S-P-S fragment coordinated in bimetallic biconnective 
mode, with the the S-P bond lengths of equal magnitude ca 2.02 Å, indicating complete 
delocalization of the S-P π bond. 
 
Figure 3.15. a) Topology of Au(I) atoms present in 6 with Au∙∙∙Au contacts labeled. b) A single 
dinuclear unit present in 6 indicating the distortion of the S-Au-S planes (cross-over). 
 
Figure 3.16. The antiperiplanar arrangement of the cyclohexyl group with ligands engaged in 
coordination on opposite sides relative to the ring. 
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The cyclohexyl groups are also in a chair conformation as in aforementioned examples, 
however, the arrangement of the axial and equatorial substituents on the ring differ, with an 
anit-periplanar confirmation present (O-C-C-O average torsion ca. 173 °), shown if Figure 3.16.  
Interestingly, the rotational axis described for the Ag(I) complex is still present with the S-P-S 
coordination fragments occupying opposite sides relative to the cyclohexyl ring. 
The molecular units pack to form an aesthetically appealing and interesting arrangement, 
Figure 3.17a. Intriguingly, closer inspection of the arrangement of the metallatriangles 
relative to each other, reveals a rotation of the individual assemblies as one moves down the 
crystallographic plane akin to helical packing, shown in Figure 3.17b.  
 
Figure 3.17. a) Crystal packing present in 6. b) the long range order of the Au(I) triangles with 












P(1)-S(1) 2.018(3) P(1)-S(1) 2.031(2) 
P(1)-S(2) 2.015(3) P(1)-S(2) 2.033(2) 
P(2)-S(3) 2.017(3) P(2)-S(3) 2.030(2) 
P(2)-S(4) 2.026(3) P(2)-S(4) 2.033(2) 
O(7)-P(1) 1.590(6) O(1)-P(1) 1.568 
Au(1)-S(1) 2.298(2) Au(1)-Br(1) 2.4309(7) 
Au(1)-Au(2) 3.0431(5) Au(1)-Br(2) 2.4288(7) 
Au(1)-Au(3) 3.2990(5) Au(1)-S(2) 2.3270(16) 
Au(1)-Au(5) 3.3083(5) Au(1)-S(1) 2.3325(16) 
Au(3)-Au(4) 3.0937(5) S(1)-P(1)-S(2) 100.23(9) 
Au(3)-Au(5) 3.2770(5) S(3)-P(2)-S(4) 99.49(9) 
Au(5)-Au(6) 3.0678(5)   
S(2)-Au(2)-S(3) 165.99(8)   





3.2.4 Dinuclear Au(III) dithiophosphonate 
 
Complex 6 is a large metallatriangle and also contains three well-separated dinuclear Au(I) 
units; making 6 an ideal candidate for testing of heretofore unknown OA products. Treatment 
of 6 with Br2 in CH2Cl2 caused an immediate colour change from pale yellow to red.  Unlike 6 
which resulted in the complicated 31P NMR spectrum described above, that of complex 7 was 
simple and formed only one singlet peak resonating at 101 ppm assigned to the two 
equivalent P atoms, shown in Figure 3.18. Based on the stoichiometry used, it formed exactly 




Scheme 3.6. Reaction of 6 with Br2 and formation of 7. 
 
Whereas 6 was the first complex with a neutral Au2S4 manifold to induce any kind of reaction 
with a halogen, complex 7 is the first complex containing both a S-P-S chelating (S,S) ligand 
and a halogen ligand across a Au(III) centre obtained through an OA reaction, or indeed any 




Figure 3.18. 31P-NMR spectrum of 7 displaying a single peak, indicating magnetically 
equivalent P atoms. 
 
Importantly, the OA reaction departed significantly from that observed for types (A) and (B) 
and (C) described above (Section 3.15).  The dinuclear units of 6 ruptured into 3 equivalent 
and stable complexes, each containing two well separated Au(III) centres (i.e. a non-classical 
dinuclear Au(III) complex).  Further, any notion of an isolable, Au-Au stabilized Au(II)/Au(II) 
major product that ought to resemble the quintessential OA products of (A), (B), or (C) either 
never formed or had been circumvented through a different reaction mechanism. At present, 
no evidence suggests a reaction sequence leading to 7 included a Au(II) intermediate.  The 
driving force for the formation of 7 could derive from either electronic or steric factors. The 
fact that OA reactions readily form dinuclear Au(II) complexes from types (A), (B), or (C), but 
are distinctly absent for neutral complexes with S-X-S (X = C or P) bridging ligands suggests 
the latter contribute an electronic structure whereby OA reactions are negatively affected by 
Au-Au bond formation.63 Steric factors usually play no role, but in the case of 6 it is useful to 
note that should OA with Br2 occur across the dinuclear Au(I) units, it would create two 
essentially linear Br-Au-Au-Br moieties with two of the four Br atoms pointed to the centre of 
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the complex which has no available space.  Therefore in this case, the steric hindrance may 
have contributed to the rupturing of the complex.  Complex 7 represents the first gold 
complex containing both S-P-S chelates and halogen ligands, Figure 3.19. Selected bond 
lengths and angles are presented in Table 3.2. 
 
Figure 3.19. Molecular representation of 7, thermal ellipsoids drawn at the 50% probability 
level, H atoms omitted for clarity.  
Following publication of the hexanuclear Au(I) complex and its oxidative addition reaction64 
described in this thesis, Van Zyl and Liu investigated this further.65  Importantly, the report 
supports the direct formation of a Au(III) square-planar complex.  The Au(III) complex was 
isolated from the addition of iodine to a discrete dinuclear Au(I) complex, which contained 
symmetric S-P-S bridging moieties, shown in Figure 3.20.65  It was furthermore demonstrated 
that the reaction is chemically reversible in that the more difficult reductive elimination 





Figure 3.20. Reversible oxidative addition observed for related symmetric dinuclear Au(I) 
complexes, (ref. 65). 
 
3.2.5 Cofacial dinuclear Ni(II) complex  
 
It is suggested that the presence of metallophilic interactions amongst the Group 11 metals 
had some role to play, and were contributing factors to the formation of above described 
clusters.  The question was thus posed: What would happen when such interactions were not 
present in the system?  In the next section, we turned our attention to a Ni(II) system, which 
is not known to have metal-metal interactions.  
The stability of the ligand is observed by its ability to form metal complexes even in water 
(aqueous) media.  Thus, the addition of NiCl2·6H2O dissolved in water to a methanolic/water 
solution of (NH4)2[(S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)], resulted in the immediate 
formation of a purple precipitate, characterized as [Ni2S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-




Scheme 3.7. Application of ligand in an aqueous medium and formation of a cofacial Ni(II) 
complex. 
The novel cofacial dinuclear hetero-atomic macrocycle consists of 18 atoms, only 4 of which 
are carbon atoms and the remaining consisting of O, P, S and Ni atoms.  The 31P NMR spectrum 
showed two resonance peaks, at 98.9 and 96.9 ppm.  This is due to the presence of two 
isomeric forms in solution, which is known to occur for Ni(II) dithiophosphonate complexes.66  
The 1H-NMR displayed poor resolution due to severe overlap of peaks and could not be 
assigned.  The mass spectrum further confirmed the predicted structure with the detection 
of the sodium adduct of the complex.  Complex 8 was found to be stable under ambient 
conditions, unlike the coinage metal analogues.   
In the solid-state, complex 8 crystallises in the monoclinic space group P21/c with the 
asymmetric unit consisting of one half of the molecule, shown in Figure 3.21.  Selected bond 
lengths and angles are presented in Table 3.3.  Each 4-coordinate metal centre has a distorted 
square-planar geometry which is expected for dithiophosphonate Ni(II) complexes.66-70  The 
isobidentate S-P-S fragments (bite angle ca. 102 °) chelate the Ni(II) centre and equivalent P-
S bond lengths (ca. 2.0 Å) indicate a complete delocalization of the P-S π bond. The chair 
conformation of the cyclohexane is maintained with the oxygen atoms in an anti-periplanar 
configuration.  The free rotation around the O-P bond becomes apparent when compared to 
complex 6, with the coordinating fragments now pointed in the same direction unlike in 6 
where they pointed in opposite directions.  The elusive cis configuration in 8 is supported by 
the conformation of the ligand.  A 2002 report described a related Ni(II) dithiophosphonate 
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complex, but in that case the cis configuration was enforced and aided through an extensive 
network of hydrogen bonds.71  The distance between the Ni(II) centres is 4.9 Å and the 
perceived cavity is inaccessible due to the packing of the molecules in the crystal lattice, 
Figure3.22.   
 
Figure 3.21. Molecular representation of 8: Thermal ellipsoids drawn at 35 % probablity and 
H atoms removed for clarity. 
A peculiar anomaly was observed during the growth of crystals of complex 8. Two different 
crystal morphological types were obtained from the same vessel under the same conditions, 
i.e. blue needles and purple prismatic crystals. Normally this occurrence would imply a gross 
difference in compositional structure. However, X-ray analysis of the two different crystals 
revealed a non-selective random inclusion and exclusion of CH2Cl2, leading to blue needles 
and purple prism-like crystals, respectively. The ability of the molecule to incorporate one 
mole of CH2Cl2 into a particular growth pattern and exclude it from neighbouring crystals from 
the same crystal growth environment is indeed unique, and difficult to explain.  The large 
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excess CH2Cl2 is absent during the synthesis process, and thus only incorporated into the 
structure during the crystal growth process.   
 
Figure 3.22. Packing in crystal lattice of 8 viewed along the b-axis. 
The structure containing the solvent is shown in Figure 3.23.  The solvent does not lie within 
the cavity across the Ni centres, which has been shown to act as a recognition site in related 
cofacial dinuclear complexes.72  Two short contacts present between, Cl-O 3.2 Å and H-S 2.9 
Å, disrupt the packing and act as molecular spacers.  The data of the two structures are, 




Figure 3.23. Ball and stick representation of two molecular units of 8 and its interaction CH2Cl2 
 















Table 3.4. Details of Xray crystal data collection and refinement for 4-6. 
Compound 4 5 6 
Emperical formula C44H56Cu4O8P4S8 3(CH2Cl2) C44H56Ag4O8P4S8 C66H84Au6O12P6S12(CH2Cl2) 
Mw 1602.18 1524.73 2906.6 
Temperature[K] 150 173(2) 173(2) 
Size [mm] 0.43 x 0.40 x 037 0.16 x 0.089 x 0.046 0.24 x 0.16 x 0.09 
Cryst. System Triclinic Tetragonal Tetragonal 
Space Group P-1 I 41/a I 41/a 
a[Å] 13.5793(5) 12.8185(3) 26.7928(18) 
b[Å] 13.6609(5) 12.8185(3) 26.7928(18) 
c[Å] 19.7817(7) 32.9696(16) 54.090(4) 
α[°] 103.0832(8) 90 90 
β[°] 107.6626(8) 90 90 
γ[°] 91.5606(8) 90 90 
V[Å3] 3387.6(2) 5417.4(3) 38828(5) 
Z 2 4 16 
ρcal [g cm-3] 1.571 1.870 1.989 
Absorption coefficient [mm-1] 1.861 1.816 9.495 
F(000) 1628.0 2880 21984 
Θrange [°] 2.23 to 50 1.7 to 28.39 1.7  to 25.4 
Data/restraints/parameters 11794/715/705 2712/0/155 17883/0/952 
Goodness of fit F2 1.052 1.040 1.061 
Final R indices [I > 2σ(I)] R1 = 0.0726, wR2 = 0.2188 R1 = 0.0228, wR2 = 0.0581 R1 = 0.0357, wR2 = 0.0911 
R indices (all data) R1 = 0.0845, wR2 = 
0.2343 
R1 = 0.0326, wR2 = 0.0600 R1 = 0.0590, wR2 = 0.1045 









Table 3.5. Details of Xray crystal data collection and refinement for 7-8. 
Compound 7 8 8.CH2Cl2 
Emperical formula C22H28Au2Br4O4P2S4 C22H26NiO4P2S4 C23H28NiO4P2S4Cl2 
Mw 1260.20 603.32 690.26 
Temperature[K] 173(2) 173(2) 173(2) 
Size [mm] 0.12 x 0.12 x 0.07 0.20 x 0.12 x 0.07 0.33 x 0.30 x 0.164 
Cryst. System Monoclinic Monoclinic Monoclinic 
Space Group P 21/c P 21/c P 21/c 
a[Å] 11.2132(8) 15.1505(19) 17.2228(9) 
b[Å] 15.3143(11) 11.5775(14) 11.8570(6) 
c[Å] 19.9458(15) 15.6508(19) 15.7181(9) 
α[°] 90 90 90 
β[°] 92.7980 91.715(2) 105.936(3) 
γ[°] 90 90 90 
V[Å3] 3421.1(4) 2744.0(6) 3086.4(3) 
Z 4 4 4 
ρcal [g cm-3] 2.447 1.460 1.485 
Absorption coefficient [mm-1] 13.604 1.154 1.204 
F(000) 2336 1248 1424 
Θrange [°] 1.68 to 25.35 2.19 to 25.26 1.23 to 25.37 
Data/restraints/parameters 6250/0/345 4947/0/287 5646/0/327 
Goodness of fit F2 1.019 1.021 1.061 
Final R indices [I > 2σ(I)] 
R1 = 0.0299, wR2 = 0.0617 R1 = 0.0608, wR2 = 0.1334 R1 = 0.0673, wR2 = 0.1918 
R indices (all data) R1 = 0.0469, wR2 = 0.0673 R1 = 0.1111, wR2 = 0.1555 R1 = 0.0817, wR2 = 0.2070 








 3.3 Luminescence 
The luminescent properties of the complexes prepared from the coinage metals were 
evaluated.  Unfortunately, cluster 5 was not amenable to luminescence studies, due to the 
decomposition of the compound during exposure to an excitation source (both the solution 
and solid state).  No luminescent characteristics of Cu(I) dithiophosphonates has been 
reported in literature.  Herein the first luminescent data will be reported for this system and 
in the next chapter several Cu(I) dithiophosphonates will be described and compared to 
literature. 
 
In the solid-state, the emission was measured at room temperature (RT) and at 77 K (liquid 
nitrogen).  The cluster does not show significant thermochromatic behaviour. However, the 
reduction in temperature causes an increase in the intensity and a narrowing of the emission 
band.  This arises due to a reduction in energy loss due to molecular vibrations and increase 
in the radiative relaxation pathway.  The broad, indistinguishable characteristics of the 
emission bands indicate charge transfer between the ligand and the metal. The origin of the 
transfer is tentatively assigned to the metal core (MLCT) due the similarity observed in the 
emission profile for related Cu(I) architectures.73 
 
Figure 3.24. Emission profile of 4 at 298 K (RT) and 77 K (LT). 
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The emission is stable over a range of excitation wavelengths, shown in Figure 3.25, with a 
maximum emission (λem (nm) = 520 nm) obtained at an excitation wavelength of 368 nm.  
 
Figure 3.25. 3D graphic of emission spectra at 298 K for cluster 4 measured with excitations 
between 350 and 400 nm.   
The rich photochemical properties of d10 Au(I) complexes has attracted considerable 
attention74 and lays the foundation for their potential application in chemo-sensing,75 and 
fabrication of optoelectronic devices.76 Of special interest is the relationship between the 
observed emission and the presence of weak intermolecular Au(I)⋯Au(I) interactions 
between neighbouring gold centres77 and perceived applications.78,79  The luminescence 
properties of dinuclear Au(I) dithiophosphonate complexes have previously been studied in 
detail.80,81 When substituents on the sulfur ligands do not produce significant electronic 
perturbations, as in the present study, luminescence of dinuclear Au(I) dithiolate systems 
shows an emission that arises from a S-Au charge-transfer transition, LMCT, with possible 
contribution from the metal-metal bond formed in the excited state, LMMCT. The LMMCT 
emission bands become strongly influenced by the weak intermolecular Au···Au distances. 
Complex 6 had a maximum emission in the solid-state (λmax= 488 nm) at 298 K. The excitation 




Figure 3.26. Excitation and emission profiles for 6 at 298 K. 
 
In summary, this chapter involved the design and synthesis of a novel bis(dithiophosphonate) 
ligand based on a flexible, chiral and saturated backbone.  The flexibility of the ligand was 
found to be crucial in the formation of poly-nuclear metal frameworks.  Variability in the 
donor angle is a result of two factors: 1) The ring inversion affords both gauche and 
antiperiplanar conformations, therefore the coordination fragment can occupy axial or 
equatorial positions. 2) Sterically unrestricted rotation about the O-P bond further affords 
variability in the angle of incident coordination.  The proposed design strategy and 
subsequent application was successful, since it was demonstrated that the ligand is capable 
of accommodating wide variety of metal centres, with varying coordination number and 
geometry.  The Cu(I) cluster can be described as the first cluster to have a Cu4L2 configuration.  
Its Ag(I) counterpart is the first dithiophosphonate stabilised Ag(I) framework reported to 
date.  The hexanuclear Au(I) cluster is the largest metallatriangle and the reactivity of the gold 
macrocycle was demonstrated, by the reaction with bromine.  This led to the isolation of the 
first Au(III) complex produced by the oxidative addition across a S-P-S framework, which has 
been further investigated by others.  The cofacial dinuclear nickel complex synthesized, has 
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demonstrated unique solvent interactions, which enabled the isolation of two 
morphologically different crystal types from the same growth chamber.  Ultimately this 
chapter addressed the objective outline in Chapter 1, and the 1,2-trans-cyclohexyl ring was 
found to be both flexible and capable of accommodating metal centres with varying 




Unless otherwise stated, all reactions were carried out under an inert atmosphere using 
standard Schlenk techniques.  Phenetole, phosphorus-pentasulfide, 1,2-transcyclohexandiol, 
hexafluorophosphoric acid, Cu(I) oxide, and Ag(I) oxide were obtained from Sigma Aldrich.  
Nickel (II) chloride was purchased from SAARCHEM.  Gold solution (dissolved in aqua regia) 
was a gift from Rand Refineries.  Ammonia gas was purchased from Afrox (South Africa).  LR, 
[Au(tht)]Cl, [Cu(CH3CN)4]PF6 and [Ag(CH3CN)4]PF6 were prepared according to literature 
methods.59,82,83  Diethyl ether, tetrahydrofuran, benzene, and hexane were distilled under 
dinitrogen over a Na wire with the formation of a benzophenone ketyl indicator. 
Dichloromethane was distilled over P4O10.  
1H and 31P-NMR spectra were recorded on a Bruker Advance 400 MHz spectrometer at 298 K.  
NMR data are expressed in parts per million (ppm).  1H spectra are referenced internally to 
residual proton impurity in the deuterated solvents (CDCl3 in all cases).  31P NMR spectra 
chemical shifts were referenced relative to an 85% H3PO4 in D2O external standard solution.  
Data are reported as resonance position (δH), multiplicity, assignment, and relative integral 
intensity.  Solid state 31P NMR spectra were obtained on a Bruker 600 MHz spectrometer 
operating at room temperature with a magic angle spinning (MAS) probe.  Melting points 
were determined with an Electrothermal 9100 melting point apparatus.  Luminescence 
spectra were recorded on a Perkin–Elmer LS-55 spectrometer equipped with a front surface 





3.4.1 Synthesis of (NH4)2[(S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)],(L4). 
 
A Schlenk flask was charged with (4-C6H4OEtP(S)S)2 (1.5g, 
3.48mmol) and placed under vacuum for 30 minutes.  The solid 
was heated to 70 °C, trans-1,2-C6H10(OH)2 (1.5g, 3.48mmol) and 
toluene (2 mL) was added.  The temperature was maintained at 70 
°C for 60 minutes, until dissolution of all the solids had been 
observed.  The clear residue was cooled to room temperature, before being placed in an ice 
bath for 10 minutes.  Anhydrous NH3(g) was bubbled through the residue with vigorous 
agitation, which caused the immediate precipitation of a white salt.  Yield 1.986 g 
(98%).Melting Point 85.2-85.4 °C.  1H NMR (400 MHz, CDCl3): δ (ppm) J(Hz) 1.39(m, CH, 2H), 
1.41 (t, CH3, 6H, JH-H = 6.98), 1.63 (m, CH, 2H), 1.78 (m, CH, 2H), 2.18 (d, CH, JH-H = 12.61 Hz), 
4.06 (q, CH2, 4H, JH-H = 6.98), 4.92 (m, OCH, 2H), 6.93 ( dd, ArCH, 4H, JH-H = 8.84, JP-H = 3.84), 
7.88 (dd, ArCH, 4H, JH-H = 8.82, JP-H = 13.95). 31P-NMR (400 MHz, CDCl3) ppm: 105.0 
 
3.4.2 Synthesis of [Cu{(S2P(1,4-C6H4OMe)(O,O-trans-1,2-C6H10)}]4, (4). 
 
A Schlenk flask was charged with (NH4)2[(S2P-1,4-
C6H4OEt)2(trans-1,2-O,O'-C6H10)] (342mg, 1.00 mmol) 
and dry THF (10 mL).  To the clear solution 
[Cu(CH3CN)4]PF6 (746 mg, 2.00 mmol) dissolved in 
acetonitrile (5 mL) was added and the reaction stirred 
for 30 min, resulting in the formation of a turbid yellow 
solution.  The solvent was removed in vacuo, followed 
by extraction with 20 mL of dichloromethane.  The extract was filtered through a composite 
of Celite/anhydrous MgSO4. The volume of the filtrate was reduced in vacuo.  A pale yellow 
powder was consolidated and washed with diethyl ether (2 x 5 mL).  Single crystals suitable 
for X-ray diffraction studies were grown by slow diffusion of hexane layered onto a 
concentrated CH2Cl2 solution. Yield  526 mg (78 %) Melting Point: 180.6-181.0 °C. 1H NMR 
(400 MHz, CDCl3): δ (ppm) J(Hz) 1.03(m, CH, 2H), 1.22 (m, CH, 2H), 1.40 (t, CH3, 6H, JH-H = 6.98), 
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1.57 (m, CH, 2H), 2.18 (m, CH, 2H ), 4.06 (q, OCH2, 4H, JH-H = 6.98), 4.63 (m, OCH, 2H), 6.88 (dd, 
ArCH, 4H, JH-H = 8.84 JP-H =3.84), 7.94 (dd, ArCH, 4H, JH-H = 8.82, JP-H = 13.95). 31P-NMR (400 
MHz, CDCl3): 104.3982.  
 
3.4.3 Synthesis of [Ag{(S2P(1,4-C6H4OMe)(O,O-trans-1,2-C6H10)}]4, (5). 
 
A Schlenk flask was charged with (NH4)2[(S2P-1,4-
C6H4OEt)2(trans-1,2-O,O'-C6H10)] (158 mg, 0.46 mmol) 
and dry THF (10 mL).  To the clear solution 
[Ag(CH3CN)4]PF6 (208 mg, 0.5 mmol) dissolved in 
acetonitrile (5 mL) was added and the reaction stirred 
for 15 min, resulting in the formation of a turbid 
orange-yellow solution.  The solvent was removed in 
vacuo, followed by extraction with 10 mL of 
dichloromethane.  The extract was filtered through a composite of Celite/anhydrous MgSO4. 
The volume of the filtrate was reduced in vacuo.  A yellow powder was consolidated and 
washed with diethyl ether (2 x 5 mL).  Single crystals suitable for X-ray diffraction studies were 
grown by slow diffusion of hexane layered onto a concentrated CH2Cl2 solution.  Yield 220 mg 










3.4.4 Synthesis of [Au2{(S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)}]3,(6). 
 
A Schlenk flask was charged with (NH4)2[(S2P-1,4-
C6H4OEt)2(trans-1,2-O,O'-C6H10)]  (400mg, 
0.687mmol) and dry tetrahydrofuran (40 mL).  To 
the clear solution AuCl(tht) (440mg, 1.374mmol) 
(tht=tetrahydrothiophene) was added and the 
reaction stirred for 30 min, resulting in the 
formation of a turbid yellow solution.  The 
solvent was removed in vacuo, followed by 
extraction with 50 mL of dichloromethane.  The 
extract was filtered through a composite of 
Celite/anhydrous MgSO4. The volume of the filtrate was reduced in vacuo.  A yellow powder 
was consolidated and washed with diethyl ether (2 x 5 mL). Yield 580mg (90 %) of yellow 
powder soluble in chlorinated organic solvents.  Single crystals suitable for X-ray diffraction 
studies were grown by slow diffusion of hexane layered onto a concentrated DCM solution of 
6. Melting Point: 160.2-161.0 °C. 31P-NMR (CDCl3) ppm: 92.94, 94.03, 95.61, 96.37, 99.51, 
99.85, 100.09, 101.03, 101.34, 106.12 
 
3.4.5 Synthesis of [Au2Br4{(S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)}], (7) 
 
A Schlenk flask was charged with 1 (427mg, 0.15mmol), and 
dichloromethane (20 mL).  To the clear solution bromine (15 
µL, 0.30 mmol) was added and stirred for 30 min.  Solvent was 
removed in vacuo.  A red crystalline powder was obtained.  
Yield 567mg (86.4%).  Single crystals suitable for X-ray 
diffraction studies were grown by slow diffusion of hexane 
layered onto a concentrated DCM solution of 7.  Melting Point 
152.4-153.2 °C 1H-NMR (CDCl3) ppm: 1H NMR (400 MHz, CDCl3): δ (ppm) J(Hz) 1.03(m, CH, 
2H), 1.22 (m, CH, 2H), 1.40 (t, CH3, 6H, JH-H = 6.98), 1.57 (m, CH, 2H), 2.18 (m, CH, 2H ), 4.08 (q, 
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OCH2, 4H, JH-H = 6.98), 4.91 (m, OCH, 2H), 7.04 (dd, ArCH, 4H, JH-H = 8.92 JP-H =3.84), 7.81 (dd, 
ArCH, 4H, JH-H = 8.91, JP-H = 13.95).31P-NMR (CDCl3) ppm: 101.7.  
 
3.4.6 Synthesis of [Ni{(S2P-1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)}]2, (8). 
 
A beaker was charged with (NH4)2[(S2P-
1,4-C6H4OEt)2(trans-1,2-O,O'-C6H10)] 
(392 mg, 0.673 mmol) and dissolved in 
methanol (40 mL).  To the beaker 
NiCl2·6H2O (160 mg, 0.673 mmol), 
dissolved in deionized water (5mL), 
was added and stirred for 20 min.  The resultant purple precipitate was filtered under vacuum 
and dried in air. Single crystals suitable for X-ray diffraction studies were grown by slow 
diffusion of hexane layered onto a concentrated DCM solution of 6.  Yield 356mg (88%) 
Melting Point 172.4-173.2 °C. 31P-NMR (CDCl3) ppm: 96.9, 98.9. ESI-MS (m/z) (cal.) 1230.9255 
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The chemistry of dithiophosphonate ligands stabilising Cu(I) is limited, with only one reported 
example of the type [Cu(OMe)Fc(μ-S)(μ3-S)]4 prepared from the reaction between 
Na[S2PFc(OMe)] and [Cu(CH3CN)4][ClO4].1 This excludes the 2-coordinate linear copper 
systems which have been reported, and which are isolated as triphenylphosphine adducts.  
This is yet another system which has been developed for its symmetric counterparts, with 
reports of complexes containing the diselenophosphorates,2 carbamates3 and 
diselenocarbamates.4  An important factor in our case is the asymmetry of the 
dithiophosphonate ligand.  It is reasonable to assume that in coordinative systems of this 
nature, the symmetry of the ligand backbone will play a significant role in the crystallisation 
and isolation of stable copper clusters.   
In this chapter we sought to report on a series tetranuclear Cu(I) clusters of the type Cu4L4 
and discuss their optical properties.  We also developed an alternative synthesis strategy 
which requires no preparation of a Cu(I) precursor and takes advantage of the redox activity 









4.1.1 Cu(I) topologies: In bidentate sulfur systems (S-X-S) 
 
The coordination chemistry of Cu(I), within bidentate sulfur systems, has given rise to mulit-
nuclear clusters containing Cu4 (A),5-7 Cu6 (B)8 and Cu8 (C)9,10 cores with the ligands displaying 
tri-metallic tri-connective (A and B) and tetra-metallic tetra-connective (C) coordination 
modes.   
 
 
Figure 4.1. Illustration of poly-nuclear Cu(I) clusters with bidentate ligands.  
 
It should be noted that much larger clusters have been reported, which involved the 
incorporation of hydrides into the structure, with a Cu20 and Cu32 of the type 
[Cu20H11{S2P(OiPr)2}9] and [Cu32(H)20{S2P(OiPr)2}12] respectively.11,12 
 
In the current study, our focus is on the preparation of clusters of type A. Since a 1972 
structural investigation into the topology of A with dithiophosphorate ligands, little attention 
has been given to physical properties of these clusters nor to their preparation.5  In fact, a 
search of the structural database reveals only a few examples of clusters stabilized by S-P-S 





 Results and discussion 
4.2.1 Synthesis and solution characterisation  
 
It was found that Cu(I) dithiophosphonate clusters, of the type [Cu{S2P(1,4-C6H4OMe)(OR)]4, 
can by synthesized at room temperature via two different methods.  The preparation of the 
dithiophosphonate salts, in both cases, followed facile methods previously described.14  
Firstly, we adopted a more conventional route which involved the reaction of a cuprous 
precursor, of the type [Cu(CH3CN)4]PF6 , with one stoichiometric equivalent of the 
corresponding alkyl dithiophosphonate, Scheme 4.1.   
 
Scheme 4.1. Conventional approach to the synthesis of tetranuclear Cu(I) clusters. 
 
[Cu(CH3CN)4]PF6 is a widely used precursor for the non-aqueous synthesis of cuprous 
complexes.  However, its fragility to degradation in the presence of water due to its 
hygroscopic nature is well known.15  It is for this reason that complexation needs to be carried 
out in dry oxygen-free environments.  To circumvent the need for ‘dry’ solvents or oxygen 
free reaction conditions, this study embarked on a new procedure to produce clusters via a 
self-redox reaction in aqueous solutions with an inexpensive cupric chloride precursor, shown 
in Scheme 4.2.  This method provides access to luminescent species and should facilitate a 




Scheme 4.2. Synthesis of tetranuclear cluster with a Cu(II) metal source in aqueous solutions, 
at room temperature. 
 
In Chapter 2 we noted that the oxidation of [S2PR(OR’)]¯salts can readily be achieved with a 
mild oxidizing agent such as I2 in aqueous or methanolic solution leading to disulfide products 
of the type PR(OR’)(S)S-SPR(OR’)(S) (R = alkyl, aryl).16  Upon mixing of the dithiophosphonate 
ligand and CuCl2 salt solutions, a brown colour appears which dissipates rapidly with the 
simultaneous formation of a pale yellow precipitate.  The separation of the cluster and the 
disulfide can be achieved with relative ease due to the difference in their solubility (and 
polarity).  Separation by column chromatography can be deployed to obtain both the cluster 
and disulfide.  However, if only the cluster is required (as in the present case) washing the 
precipitate, firstly with water followed by hexane results in high purity products.  The identity 
of the disulfide was confirmed by NMR spectra which corresponds to reported chemical 
shifts.16 
The use of transition metals, including Cu(II) complexes for the oxidation of thiols to disulfides 
have been reported over a century ago.17  Significantly the self-redox reaction has been 
reported and reviewed for related symmetric ligands, but has not been exploited for the 
preparation and isolation of clusters.18  Originally it was thought that the electron transfer 
from the ligand to metal complex resulted in the formation of a Cu(I) species and a 
corresponding sulfur radical, with the recombination of 2 radicals resulting in the formation 
of a disulfide.19  After extensive electron paramagnetic resonance (EPR) studies, a different 
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reaction sequence was proposed.20  Investigations could not find evidence of radicals to 
support previously mentioned mechanism and concluded that the reaction proceeds via an 
associative mechanism between Cu(II) complexes as shown in Figure 4.2.21 
 
 
Figure 4.2. Associative pathway for the self-redox reaction resulting in the formation of Cu(I) 
centre.  
 
Importantly, self-redox occurs via direct contact between the metal centres and super-
exchange between copper atoms via bridging ligands.18  The reduction of Cu(II) to Cu(I) 
therefore occurs with the concomitant oxidation of the ligand to form a disulfide.  The 
intermediate which involves the association of two square planar complexes is governed 
mainly by steric contributions of the ligand.18  In both mechanisms the reaction proceeds via 
the initial formation Cu(II) complex and to the best of our knowledge no square planar Cu(II) 
complexes stabilized solely by dithiophosphonate ligands, of the type [Cu(II)L2], have been 
reported.  In this study the reduction is rapid and complete identification of a Cu(II) 
intermediate is therefore challenging.  The initial Cu(II) complex would be paramagnetic (NMR 
inactive) and the subsequent redox reaction should result in the formation of diamagnetic 
Cu(I) and disulfide (NMR active).  However, due to the rapid kinetics of the reaction, attempts 
to monitor the formation of such products were unsuccessful.  Furthermore, the water 
medium in which the reaction occurs, prevents monitoring at low temperatures, which would 
significantly reduce the kinetics.  At this stage we can tentatively assign the dark coloured 
species to a Cu(II) intermediate which is not stable for extended periods and dissipates 
rapidly.  The clear difference between dithiophosphonates and its symmetric counterparts is 
the reduction in symmetry in our system, caused by the asymmetric nature of the ligand.  
Complexes of symmetric dithiolates contain Cu(II) intermediate with C4 rotation axis whereas 
dithiophosphonates possess a lower C2 rotation axis perpendicular to the square planar 
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coordination plane.  This could account for the lack of stability of the Cu(II) intermediate and 
is advantageous for the current purpose.  
 
With a focus on the preparation and isolation of Cu(I) clusters with the modified procedure, 
we are able to produce a diverse group of Cu(I) clusters shown in Table 4.1.  
 
Table 4. 1 31 P NMR data for clusters 9-15. 
Cluster  R 31 P NMR (δ) 
9 CH3 103.3 
10 CH2CH3 100.2 
11 CH(CH3)2 98.5 
12 CH2CH2CH2CH3 100.2 
13 CH2CH=CH2 101.5 
14 CH2C6H5 101.6 
15 m-CH2C6H4Br 102.6 
 
All the clusters are relatively stable once isolated, with high solubility in polar chlorinated 
solvents.  1H and 31P NMR and mass spectroscopy confirmed the structural characteristics of 
the clusters, which all have a Cu4L4 configuration.   
The diverse group of ligands prepared allows for a comparison of the coupling between H and 
P nuclei in dithiophosphonate ligands.  Three JP-H coupling constants can be distinguished for 
cluster 9, shown in Figure 4.3a.  The coupling is largely proximity based with the 15 Hz coupling 
of methylene protons to the 31P nuclei being the largest, followed by the coupling to the 
ortho-aromatic protons and meta-aromatic protons, at 13 and 3 Hz respectively.  The 
broadening of resonances for protons located on the carbon adjacent to the oxygen atom are 
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a consequence of multiple couplings.  In cluster 9 no vicinal protons are present and a well 
resolved doublet is observed, shown in Figure 4.3b, unlike 10 and 13 where the coupling 
cannot be quantified due to the combination of JP-H and JH-H of adjacent vicinal protons.  




Figure 4.3. a) Representation of of JP-H coupling present in dithiophosphonates. b) 15 Hz JP-H 
doublet for methyl protons (blue), broadening of alkyl resonances for ethyl (red) and allyl 
(green). 
 
A single set of resonances in the 1H spectra were observed for each compound, suggesting an 
identical chemical environment around each of the four ligands. A common feature of 
complexes containing the asymmetric dithiophosphonate motif is the isomerization that 
could occur in solution leading to different configurations.  The decoupled 31P NMR for all 
clusters showed a single peak within range of 100 ppm, displayed in Table 4.1. This confirms 
the rigidity of the cluster in solution. The mass spectrometry played a key role in the 
characterisation of the clusters since CH elemental analysis would only provide a empirical 
formula CuL, and not the structurally ascertained composition, Cu4L4.  We noted that the 
growth of crystals for these clusters depends significantly on the substituent on the alcohol 




4.2.2 Structural analysis 
Selected bond lengths and angles are presented in Table 4.2, with collection and refinement 
parameters shown in Table 4.3. Cluster 11 crystallizes in a body centred lattice in a tetragonal 
space group, I41/a, and a molecular representation is shown in Figure 4.4.The space group is 
significantly different from the P212121 and Pn seen in the related symmetric isopropyl 
derivatives of the dithiophosphate5 and diselenophosphate2 clusters, respectively.  The 
introduction of the anisole group on the P atom, creates a sterically saturated environment 
around the phosphorus atom, thus limiting the rotation of the C-O bond and the resultant 
loss of freedom forces the isopropyl group to occupy equivalent orientations on each ligand 
and therefore within the crystal lattice.  The asymmetric unit therefore consists of exactly one 
quarter of the molecule.  This implies that each Cu(I) atom is crystallographically equivalent, 
and the ligands occupy equivalent orientations and positions. 
 
Figure 4.4. Molecular representation of 11, thermal ellipsoids drawn at 35 % probability. 
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The metal framework reveals a core of four copper atoms arranged in a trigonal pyramidal 
arrangement, shown in Figure 4.5.  The tetrahedron is stabilized by six Cu∙∙∙Cu contacts, which 
can be further divided into types: i) four shorter contacts that are bridged by sulfur at 2.757 
Å and ii) two non-bridged metal contacts, measuring 2.904 Å, the latter being significantly 
longer than the sum of the van der Waals radius of two Cu atoms (2.8 Å).  
 
Figure 4.5. Representation of tri-metallic tri-connective coordination mode of ligand, and 
Cu(I) core with two different Cu∙∙∙Cu contacts. (ligand substituents omitted for clarity.  
 
An empirical comparison of the Cu∙∙∙Cu distances can be achieved with Pauling’s expression 
developed for inter-nuclear distances in metal bonds.22,23  Bond orders for i (1.18) and ii (0.67) 
thus indicate that the three copper atoms act cooperatively to stabilize the fourth (i.e. two 
bridged contacts (ii) and one non-bridged contact (i)).  The propensity for Cu(I) centres to 
cluster has been shown to be driven by both Cu(I) interactions and stereochemical aspects of 
the ligand.24  Mono-anionic dithiophosphonate ligands, with bite angles at ca. 115.70°, cap 
each triangular face of the tetrahedron resulting in closed d10 electronic configuration on the 
copper atoms.  The intra-ligand S∙∙∙S bite distance is 3.417 Å, with Cu-S bond distances of 
2.292 Å.  Each ligand coordinates in a trimetallic, tri-connective (μ2-S; μ1-S) coordination 
mode.  Although the charge is delocalized across the S-P-S fragment, differential P-S bond 
lengths exists with the P-S1 bond (2.058 Å) being relatively longer than the P-S2 bond (1.979 
Å).  The ca. 8 pm elongation arises as a direct result of the denticity, with S1 bridging two Cu 
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atoms and as a resultant loss of electron density occurs in the corresponding P-S bond.  This 
arrangement plays a role in the formation of unique and characteristic luminescent patterns.  
Table 4. 2. Bond distances (Å) and angles (°) for 11 and 14 with e.s.d. in brackets. 
11 14 
P(1)-S(1) 2.057 P(1)-S(1) 2.0481(18) 
P(1)-S(2) 1.978 P(1)-S(2) 1.954(2) 
P(1)-O(1) 1.574 P(1)-O(2B) 1.468(7) 
P(1)-C(4) 1.777(6) P(1)-C(1) 1.894(5) 
Cu(1)-Cu(1)
1











    











Cluster 14 crystallizes in the monoclinic space group C2/c, Figure 4.6.  The overall loss of 
symmetry can be attributed to the disorder present in the ligands. The metal core bears a 
great similarity to 11.  However, in 14, two crystallographically independent Cu(I) sites are 
apparent.  This results in the slight variation of the Cu∙∙∙Cu contacts with two values for the 
bridged contacts (2.754 and 2.760 Å) and the non-bridged contacts (2.949-2.935 Å).  It should 
be noted that the deviation is not significant and the electronic argument presented for 11 
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still holds true.  A slight increase in the bite angle of the S-P-S fragment, ca. 117 °, is noted.  
This could be due to the increase in the sterically more demanding substituents, which 
influence the tetrahedral configuration on the P atom.  The length of the P-S bonds can be 
described in the similar manner as 11, with magnitudes of 2.048 and 1.954 Å for the P-S1 and 
P-S2 bonds, respectively.  
 
Figure 4.6. Molecular structure of 14, thermal ellipsoids drawn at 35% probability, hydrogens 
omitted for clarity. 
 
Interestingly, the O-benzyl and anisole groups interchangeable occupy equivalent positions in 
the crystal lattice, resulting in a static positional disorder, shown in Figure 4.7.  The disorder 
can be related to the similarity in the size, composition (C6H5OCH3 and C6H5CH2O) and 




Figure 4.7. Separation of disorder present on 14, thermal ellipsoids drawn at 35% probability, 
hydrogens omitted for clarity. 
 
Since the crystals were stable (photograph of crystal shown in Figure 4.8), it can be presumed 
that the difference between the two confirmations does not significantly impact on the 
overall lattice energy.  In the preparation of cluster 15 we tried to remove this position 
exchange and introduced a bromide substituent on the meta position of the benzyl ring.  
However, we were unable to obtain suitable crystals for X-ray analysis.  The inability to grow 
suitable crystals of 15, could be assigned to the loss of the positional exchange between the 
two groups present in 14.  It can be said that the combination of benzyl and anisole 
substituents creates a sort of faux symmetry between the two groups, which is responsible 
for an improvement in crystal growth.  The secondary coordination sphere (space behind the 
coordinating S-P-S fragment) is sterically restrictive, with certain groups being able to occupy 
space more efficiently.  This has proven to be dominant factor in successful crystallization and 




Table 4.3. Collection and Refinement Data for 11 and 14. 
Cluster 11 14 
Empirical formula C40H56Cu4O8P4S8 C56H56Cu4O8P4S8 
Mw 1299.37 1491.52 
Temperature[K] 296 296 
Size [mm] 0.22 × 0.21 × 0.12 0.420 x 0.350 x 0.210   
Cryst. System Tetragonal Monoclinic 
Space Group I41/a C2/c 
a[Å] 20.955(3)  29.275(7) 
b[Å] 20.955(3)  14.725(3) 
c[Å] 12.350(2)  20.737(5) 
α[°] 90.00  90 
β[°] 90.00  134.715(10) 
γ[°] 90.00  90 
V[Å3] 5422.8(15)  6352(3) 
Z 4  4 
ρcal [g cm-3] 1.592  1.560 
Absorption coefficient [mm-1] 2.019  1.735 
F(000) 2656.0  3040.0 




Goodness of fit F2 1.042 1.030 
Final R indices [I > 2σ(I)] R1 = 0.0471, wR2 = 0.1298 R1 = 0.0462, wR2 = 0.1174 
R indices (all data) R1 = 0.0796, wR2 = 0.1531 R1 = 0.0775, wR2 = 0.1367 






Herein we report the first luminescence data for a series of tetranuclear Cu(I) 
dithiophosphonate clusters.  The solid-state photophysical data are summarized in Table 4.4.  
A yellow-green emission colour was noted for all clusters, Figure 4.8. 
 
 
Figure 4.8. Image of emission from single crystal of cluster 14. 
The broad, indistinguishable characteristics of the emission bands are consistent with a MLCT, 
with a contribution from the Cu∙∙∙Cu interactions (3d → 3d transitions).[11]  Variation in the 
substitution on the dithiophosphonate ligand does not greatly influence the position of the 
emission band, shown in Figure 4.9.  This indicates π→π* transitions in the anisole or benzyl 
groups do not contribute to the emission.  Thus the emission can be assigned to be as a result 
of the core and the primary coordination sphere, with a lifetime dependent on the ability of 
the ligand to stabilize the excited state.  
The radiative lifetime of the emissive states proved to be single exponentials with an average 
of 11.98 μs.  The duration of the lifetime and the relatively large Stokes shift indicates 
phosphorescence with decay from a triplet excited state.  Tetra-nuclear clusters of the 
configuration Cu4X4L4 (X=halide, L=neutral ligand) have been well studied25-30 and recent 
examples display mechanochromism[31] and thermochromism.[32]  In the present study the 
emission band position remains constant over a wide temperature range (297 K- 77 K) 
indicating no thermochromatic behavior.  The reduction in temperature does however cause 
an increase in intensity and narrowing of the emission band, which is in line with a reduction 
in energy loss due to molecular vibrations and in increase in the radiative pathway.    
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Table 4.4 Photophysical data for clusters 9-15. 
Compound State (T/K) λex (nm) λem (nm) τ (µs) 
9 298 364 520 10.99751 
10 298 370 519 12.296565  
11 298 376 524 12.23359 
 77 380 534  
12 298 365 522 11.55972 
13 298 368 525 10.53409 
14 298 375 524 12.58952 
15 298 364 523 13.64788 
 




A recent study described how spectral down-conversion of UV-radiation can optimize the 
photoelectric transformation in a solar cell, and increase its efficiency.33  All clusters reported 
here have also shown down-conversion properties and therefore a solar cell application is 
possible within a matrix. Of additional benefit is that the clusters show both temperature and 
excitation independent emission profiles.  To this end we incorporated the cluster into a 
flexible matrix that supports the luminescent characteristics.  The powder of 9 was dispersed 
in polyvinyl alcohol (PVA) and the emission spectrum was found to be similar (λem = 517 nm) 





Figure 4.10. Emission spectrum of 9 dispersed in PVA film. 
 
4.2.4 Electronic structure  
 
Cluster 11 has a closed shell configuration, selected frontier virtual and occupied molecular 
orbitals are shown in Figure 4.11.  The calculations were based on the positional data obtained 
from single crystal X-ray analysis. The RB3LYP functional and 6-31G(d)) basis set was 
employed.  The HOMO and LUMO contain contributions both from the metal core and the 
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ligands. Importantly, the alkyl substituents on the P atom do not show significant 
contributions to both the HOMO and LUMO. The LUMO +1 are largely the π*- orbitals on the 
ligand. The HOMO orbital is mainly localized on the coordinating sulfur atoms and the cluster 
core. The HOMO-2 and HOMO-3 orbitals are degenerate. The lack of contributions from the 
alkyl substituents accounts for the similarity in the emission profile observed for all clusters. 
However, they could play a role in the stabilization of the excited species and therefore 
influence the emission lifetimes. The HOMO-LUMO band gap determined from Gaussian09 
molecular orbital calculations was 3.89 eV. 
 
Figure 4.11. Selected frontier molecular orbitals for 11.  
In summary, a new synthesis protocol for the synthesis of tetranuclear Cu(I) clusters has been 
identified.  Structural analysis confirmed the structure of the tetranuclear Cu(I) core to be a 
tetrahedron.  The ligand substituents play a key role in the crystallisation of these derivatives.  
In particular an interesting case of positional disorder was noted for 14.  Furthermore this 
series of dithiophosphonates clusters have been shown to be highly luminescent at room 
temperature.  This synthetic route avoids the need for Cu(I) precursors and the sacrificial 
oxidation of the ligand provides a cost effective alternative to expensive reagents.  Therefore 
in line with an objective to identify synthesis protocols which make available luminescent 





HOMO -1 HOMO  LUMO LUMO +1  
114 
 
 Experimental  
 
All commercially available reagents were reagent grade and used without further purification.  
Anisole, phenetole, phosphorus-pentasulfide, hexafluorophosphoric acid, Cu(I) oxide, and 
Cu(II) chloride were obtained from Sigma Aldrich. Ammonia gas was purchased from Afrox 
(South Africa).  Ligands14 and [Cu(CH3CN)4]PF6,15 were prepared according to literature 
methods.  1H and 31P{1H} spectra were recorded on a Bruker Advance 400 MHz spectrometer 
at 298 K.  NMR data are expressed in parts per million (ppm).  1H spectra are referenced 
internally to residual proton impurity in the deuterated solvents (CDCl3 in all cases).  31P NMR 
spectra chemical shifts were referenced relative to an 85% H3PO4 in D2O external standard 
solution.  Data are reported as resonance position (δH), multiplicity, assignment, and relative 
integral intensity.  Melting points were determined with an Electrothermal 9100 melting point 
apparatus.  Luminescence spectra were recorded on a Perkin–Elmer LS-55 spectrometer 
equipped with a front surface accessory.  Variable temperature emission spectra were 
recorded on a Cary Eclipse B10 fluorescence spectrophotometer.  Phosphorescence Lifetime 
measurements were determined from the exponential regression of the intensity values 
against gate time.34 
 
4.3.1 Synthesis of [Cu{(S2P(1,4-C6H4OEt)(OCH3)}]4, (9). 
 
A Schlenk flask was charged with (4-C6H4OEtP(S)S)2 
(700mg, 1.16 mmol ) and placed under vacuum for 
10min. The solid was heated to 80 °C before the addition 
of CH3OH (110mg, 3.43 mmol). The temperature was 
maintained for 15 min, until a clear residue was 
observed. After cooling the residue in an ice bath, 
anhydrous NH3 gas was bubbled through the residue, 
resulting the formation of a white precipitate. The excess 
ammonia was removed in vacuo and the salt immediately 
dissolved in ETOH:H2O (4:1) solution. An aqueous solution of CuCl2∙2H2O(280mg, 1.64mmol) 
115 
 
was added dropwise, resulting in a short-lived brown colour which immediately dissipates to 
yield a yellow precipitate. The precipitate is collected by filtration and washed with water (2 
x 5ml) followed by hexane (2 x 5mL). The crude product is recrystallized from 
dichloromethane to yield a pale yellow powder. Yield = 352mg (70%). Melting point 156.2-
156.8 °C. 1H NMR (400 MHz, CDCl3): δ (ppm), J(Hz) 1.42(t, CH3, 3H, J H-H =6.98), 3.86(d, POCH3, 
3H, JP-H = 14.85), 4.07(q, CH2, 2H, J H-H = 6.99), 6.93 (dd, ArCH, 2H, J H-H = 8.72, J P-H = 3.16), 7.97 
(dd, ArCH, 2H, J H-H = 8.66, J P-H = 13.58) 31P NMR (400 MHz, CDCl3): δ (ppm)103.32. ESI-MS 
(m/z) (cal.) 1264.6251(1264.71) for ([Cu{(S2P(1,4-C6H4OEt)(OCH3)}]4 + Na⁺). 
 
Clusters 10 – 15 were prepared in a similar manner to 9. 
4.3.2 Synthesis of [Cu{(S2P(1,4-C6H4OEt)(OCH2CH3)}]4, (10).  
 
Yield = 312mg (83%) Melting Point 158.5-159.3 °C. 1H 
NMR (400 MHz, CDCl3): δ (ppm), J(Hz) 1.36(t, CH3, 3H, J H-
H =7.02), 1.42(t, CH3, 3H, J H-H =7.02), 4.06(q, OCH2, 2H, JH-
H =6.98), 4.26(m, POCH2, 2H), 6.92 (dd, ArCH, 2H, J H-H = 
8.60, J P-H = 3.44), 7.97 (dd, ArCH, 2H, J H-H = 8.36, J P-H = 
13.41) 31P NMR (400 MHz, CDCl3): δ (ppm)100.20. ESI-MS 
(m/z) (cal.) 1322.7241(1322.77) for ([Cu{(S2P(1,4-










4.3.3 Synthesis of [Cu{(S2P(1,4-C6H4OMe)(OCH(CH3)2)}]4, (11).  
 
Yield = 298 mg (76%). Melting point 160.2-161.4 °C. 1H 
NMR (400 MHz, CDCl3): δ (ppm), J(Hz) 1.27(d, CH3, 6H, 
JH-H = 6.04), 3.76(s, OCH3, 3H), 5.10(m, 1H), 6.82 (dd, 
ArCH, 2H, JH-H = 8.74, JP-H = 3.02), 7.90(dd, 2H, JH-H = 8.60, 
JP-H = 13.40Hz) 31P NMR (400 MHz, CDCl3): δ (ppm) 31P 
NMR 98.5. ESI-MS (m/z) (cal.) 1376.8203 (1376.84) for 
([Cu{(S2P(1,4-C6H4OEt)(OCH2CH3)}]4 + Na⁺). 
 
4.3.4 Synthesis of [Cu{(S2P(1,4-C6H4OMe)(OCH2CH2CH2CH3)}]4, (12).  
 
Yield = 320mg (78%). Melting point 160.2-160.4°C. 1H 
NMR (400 MHz, CDCl3): δ (ppm), J(Hz) 0.92 (t, CH3, 3H, J 
H-H =7.38), 1.42(t, CH3, 3H, J H-H =7.02), 1.44(m, CH2,2H), 
1.705(p, CH2, 2H, JH-H =6.97), 4.07(q, OCH2, 2H, J H-H =6.99), 
4.21 (b, OCH2, 2H) 6.91(dd, ArCH, 2H, J H-H = 8.75, J P-H = 
3.14), 7.96 (dd, ArCH, 2H, J H-H = 8.60, J P-H = 13.49) 31P 
NMR (400 MHz, CDCl3): δ (ppm)100.15. ESI-MS (m/z) 
(cal.) 1432.9615 (1432.90) for ([Cu{(S2P(1,4-






4.3.5 Synthesis of [Cu{(S2P(1,4-C6H4OMe)(OCH2CH=CH2)}]4,(13).  
 
Yield = 254 mg (65%). Melting point 159.6-159.8°C1H 
NMR (400 MHz, CDCl3): δ (ppm), J(Hz) 1.42(t, CH3, 3H, 
J H-H =6.98), 4.06(q, OCH2, 2H, JH-H =7.03), 4.71(m, 
POCH2, 2H), 5.21 (d, , 1H, J H-H = 8.60), 5.35 (dd, , 1H, J 
H-H = 17.16, J P-H = 1.40), 5.99(m,CH,1H ) 6.92(dd, ArCH, 
2H, J H-H = 8.78, J P-H = 3.26), 7.98 (dd, ArCH, 2H, J H-H = 
8.70, J P-H = 13.71) 31P NMR (400 MHz, CDCl3): δ 
(ppm)101.53. ESI-MS 1366.7764(1366.7773) (m/z) 




4.3.6 Synthesis of [Cu{(S2P(1,4-C6H4OMe)(OCH2C6H5)}]4, (14).  
 
 
Yield = 345mg (77%). Melting point 152.4-153.2°C 1H 
NMR (400 MHz, CDCl3): δ (ppm), J(Hz) 3.85(s, OCH3, 
3H), 5.29(s,2H), 6.95(dd, ArCH, 2H, JH-H = 8.78, J P-H = 
3.14), 7.35(d, ArCH, 2H, JH-H =7.56Hz), 7.44(d, ArCH, 
2H, JH-H = 7.00 Hz), 8.04 (dd, ArCH, 2H, JH-H = 8.64, J P-H 
= 13.65) 31P NMR (400 MHz, CDCl3): δ (ppm) 101.6. ESI-
MS (m/z) (cal.) 1512.6606 (1512.78) for ([Cu{(S2P(1,4-









4.3.7 Synthesis of [Cu{(S2P(1,4-C6H4OMe)(OCH2C6H4Br)}]4, (15).  
 
Yield = 357mg (67%). Melting point 155.2-156.0°C 1H 
NMR (400 MHz, CDCl3): δ (ppm), J(Hz) 1.42(t, CH3, 3H, 
J H-H =7.00), 4.07(q, OCH2, 2H, JH-H =6.98), 5.21(d, 
POCH2, JP-H = 8.12 Hz), 7.19(t, m-ArH, 1H, J H-H =7.80 ), 
7.56(s, o-ArH, 1H), 7.42(d, p-ArH, 1H, JH-H = 7.84) , 
7.33(d, o-ArH, 1H, JH-H = 7.72 (dd, ArCH, 2H, J H-H = 8.76, 
J P-H = 3.24), 7.98 (dd, ArCH, 2H, J H-H = 8.66, J P-H = 13.79) 
31P NMR (400 MHz, CDCl3): δ (ppm)102.60. ESI-MS 
(m/z) (cal.) 1886.7702 (1886.47) for ([Cu{(S2P(1,4-
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Complexes of dithiophosphonate-based bifunctional S/N 
type ligands   
 
The aim of this chapter is to incorporate two different donor atoms for metal coordination on 
the same ligand framework.  In comparison with Chapter 3 which adopted a homoleptic 
approach to the preparation of metal complexes, this chapter explores a more ‘heteroleptic 
approach’, whereby pyridine and dithiophosphonate are combined into one ligand that 
contains two different sets of donor atoms to coordinate to the metal centre. The 




In the literature survey of Chapter 1 two dominant independent ligands where commonly 
utilized in combination with dithiophosphonates, these were phosphines and N-donor 
ligands.  These functionalities are compatible with the dithiophosphonate ligand and have 
been effective in the preparation of coordination polymers.1-3  The formation of these 
coordination polymers are due to the cooperative nature of the dithiophosphonate ligand.  It 
is therefore plausible, that the addition of any one of these functionalities to a 
dithiophosphonate backbone, would have significant potential to generate completely novel 
systems.  The incorporation of pyridine onto the backbone, rather than a phosphine, can be 
seen as advantageous for the following reasons: 1) the pyridyl coordination group is more 
resistant to oxidation; 2) the steric effect of auxiliary substituents on the phosphine would be 
avoided; 3) incorporation of the pyridine group can be readily achieved with the use of 
alcohols containing a pyridine functionality.  Furthermore, studies of free pyridine 
coordination to dithiophosphonates has received attention both from experimental and 
computational investigations.4  Importantly, the linker between the two coordinating groups 
needs to be of sufficient length and flexibility, such that the ligand can accommodate the 
coordination geometry of the metal centre.  An idealised structure of this ligand is given in 
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Figure 5.1.  This part of the study moved away from the coinage metals, in order to 
demonstrate the coordinative power of the ligand in the absence of metallophilic 
contributions.   
 
 
Figure 5.1. Combination of two different donor atoms in a common ligand framework. 
 
5.2 Results and discussion 
5.2.1 Ligand preparation 
 
The 2,4-diaryl-1,3-dithiadiphosphetane disulfide dimer, reacts with two stoichiometric 
equivalents of 2-pyridine ethanol, symmetrically cleaving the dimer, to produce the first 
generation of dithiophosphonates incorporating the pyridine moiety into the framework of a 




Scheme 5.1. Combination of pyridine and dithiophosphonate. 
 
The relative basicity of the pyridine functionality has an adverse effect on the reaction as 
compared to linear and branched alkyl alcohols.  This is seen in the increased reaction times 
required and an overall reduction in yield.  This could be due to some mechanistic 
contributions from the pyridine functionality which has basic characteristics.  The isolated 
dithiophosphonate shows a single resonance peak at 107ppm for the P atom which falls 
within the expected region, 90 to 112ppm, for this ligand class.5  The introduction of pyridine 
also presents the opportunity of forming a zwitterion.  Therefore, without deprotonation, 
crystals (L11z) were obtained and found suitable for single crystal X-ray analysis.  L11z 
crystallises in the monoclinic space group C2/c with two molecules in the asymmetric unit, 
one of which is shown Figure 5.2.  Selected bond lengths and angles can be found in Table 
5.1.  Electronic neutrality arises from the pyridinium cation and delocalisation of negative 
charge over the S-P-S fragment (observed in electron density map).  The position of the 
pyridinium proton is not modelled and assigned based on residual electron density.  The 
packing in crystal lattice of L11z reveals hydrogen bonding (N-H∙∙∙S) between the pyridinium 
proton (H1A) and the S atom of an adjacent molecular unit.  The parameters for N-H∙∙∙S 
hydrogen bond, for both molecules in the asymmetric unit, are given in Table 5.2.  The 
hydrogen-bonding is a packing director in the crystal lattice and together with the phenetole 
rings parallel to each other, a layered motif is observed (Figure 5.3).  Furthermore, the 
hydrogen bonding results in differential P-S bond lengths with P-S(1) bond length (1.99 Å) 













Table 5.1. Selected bond lengths (Å) and angles (°) for L11z, with e.s.d. in brackets.  
P(1)-S(1) 1.9917(17) P(I)-O(1) 1.626(3) 
P(1)-S(2) 1.9648(17) P(1)-C(1) 1.815(5) 
P(2)-S(3) 1.9698(16) S(1)-P(1)-S(2) 118.35(7) 
P(2)-S(4) 1.9899(17) O(1)-C(9)-C(10)-C(11) 64.3(5) 
 
Table 5.2. Hydrogen bond distances (Å) and angles (°) for L11z.  
Donor-H∙∙∙Acceptor Donor-H Acceptor-H Donor-Acceptor Angle 
N(1)-H(1A)∙∙∙S(1) 0.96(6) 2.28(6) 3.227(5) 169.0 





5.2.2 Co(II) coordination polymer. 
The reaction of L11 with [Co(ClO4)2]‧6H2O in water/ethanol solution led to the formation of 
a novel coordination polymer 16, Scheme 5.2.  Extraction with dichloromethane and the 
subsequent slow evaporation of the solvent resulted in the formation of a highly crystalline 
material, which did not require re-dissolving for the formation of crystals.  Mass spectroscopy 
confirmed the purity of the material and displayed a molecular peak for the monomer, 
indicating the lability of the pyridine moiety coordination.  
 
Scheme 5.2. Synthesis of Co(II) coordination polymer in aqueous media. 
Complex 16 crystallizes in the monoclinic space group P21/c, and a molecular representation 
of the asymmetric unit is shown in Figure 5.4.  Selected bond angles and distances can be 
found in Table 5.3.  The structure represents the first report of a Co(II) dithiophosphonate 
complex.  Each Co(II) centre is stabilized by two isobidentate S-P-S fragments and a nitrogen 
atom.  The 5-coordinate cobalt centre is in a distorted trigonal bipyramid arrangement, shown 





Figure 5.4. Asymmetric unit present in crystal lattice of 16: Thermal ellipsoids drawn at 35% 
probability and H atoms omitted for clarity. 
 





The axial sulfur atoms deviate from linearity by 8°, with the three equatorial positions all 
coplanar with the Co(II) atom.  The P-S bond lengths are on average ca. 2.0 Å, and the S-P-S 
bite angles are ca. 109°.  The Co-N bond distance is ca. 2.06 Å and within the average seen for 
the bonding of free pyridine in similar Co(II) systems, 2.057 Å (search of CCDC).  The S-P-S 
coordination is bidentate with one axial and one equatorial sulfur.  The ethyl bridge between 
the pyridine and the dithiophosphonate functionality provides the required flexibility and 
allows the pyridine moiety adequate freedom to coordinate to an adjacent molecular unit.  
Interestingly, inspection of the monomer unit shows a cis configuration.  The coordination of 
the pyridine to the adjacent molecular unit gives rise to a coordination polymer and polymer 
expansion is shown in Figure 5.6. 
 
 




Table 5.3. Selected bond lengths (Å) and angles (°) for 16, with e.s.d. in brackets.  
P(1)-S(1) 1.967(3) Co(1)-S(7) 2.498 (2) 
P(1)-S(2) 2.009(3) Co(1)-S(8) 2.360(2) 
P(2)-S(3) 1.997(3) Co(1)-N(2) 2.073(6) 
P(2)-S(4) 1.976(3) S(1)-P(1)-S(2) 109.18(12) 
P(1)-O(2) 1.587(6) S(7)-P(4)-S(8) 108.91(11) 
P(1)-C(1) 1.775(8) S(1)-Co(1)-S(7) 81.98(7) 
Co(1)-S(1) 2.581(2) S(1)-Co(1)-S(7) 173.71(7) 





5.2.3 Mononuclear and dinuclear Ni(II) dithiophosphonates 
 
The reaction of L11 with [Ni(ClO4)2]‧6H2O in water/ethanol solution led to the formation of 
17, Scheme 5.3.  Complex 17 showed interesting solution characteristics which indicated 
fluxional behaviour in the coordination of the pyridine moiety.  The complex was found to be 
soluble in chlorinated solvents and gave a purple solution.  However, in alcoholic or aqueous 
environments the compound was found to be insoluble, and the precipitate would be orange.  
Therefore two different configurational isomers could be isolated.   
 
Scheme 5.3. Preparation of Ni(II) complex 17.  
 
The fluxional behaviour is apparent in the solution NMR experiments, as the system has the 
possibility of both para- and diamagnetism.  The square-planar configuration is NMR active 
(diamagnetic), while the 5-coordinate species is inactive (paramagnetic).  As a result of this, a 
loss in resolution in the 31P NMR is noted, and a broad peak at ca 100 ppm is observed.  
However, the 1H NMR is reasonably well resolved and corresponds to the 4-coordinate 
complex.  Interestingly, the phosphorus-proton coupling (JP-H) explained for these ligand 
systems in Chapter 4, is significantly reduced and a comparison of the phenetole aromatic 
peaks with complex 11, reveals a loss of the long range JP-H coupling to the meta-protons of 
the phenetole group, shown in Figure 5.7.  The mass spectrum of 17 corresponds to the 




Figure 5.7. Comparison of signals observed for the aromatic protons of the phenetole 
substituent in 17 (blue) and 11(red).  The reduction in JP-H coupling is significant. 
The behaviour observed in solution was further characterised in the solid state, with two 
different crystal morphologies, purple (17a) and orange (17b), isolated from the crystal 
growth chamber.  X-ray diffraction analysis of a purple crystal (17a) revealed a triclinic crystal 
system and space group P-1, shown in Figure 5.8.  Selected bond lengths and angles for 17a 
and 17b are presented in Table 5.4. 
 
Figure 5.8. Molecular representation of 17a: Thermal ellipsoids drawn at 35% and hydrogen 
atoms omitted for clarity. 
132 
 
The nickel atom lies on a centre of inversion, with the asymmetric unit comprising one half of 
the molecular unit.  The configuration is similar to the numerous examples outlined in Chapter 
1.  The coordination geometry of the complex is square planar and the Ni(II) atom is bound 
by four sulfur atoms of the two S,S-bidentate ligands.  The P-S bond distances are similar, at 
2.017 Å and 2.003 Å, indicating an iso-bidentate coordination and complete delocalization of 
P-S π-bond over S-P-S chelate.  The substituents on the phosphorus atom are in a trans-
configuration, with the pyridine moieties occupying opposites of the coordination plane.  
Importantly, the pyridyl moiety is non-coordinative in this case. 
The orange crystal (17b) also crystallized in the triclinic space group P -1.  The lattice has two 
distinct bonding modes, as shown in Figure 5.9.  The first is a square-planar Ni complex with 
the pyridyl groups non-coordinative with S,S-bidentate ligands chelating the metal centre and 
the configuration is isostructural to 17a.  This was confirmed by a structural overlay of the 
two molecular units, which revealed no significant difference in bond distances and angles.  
 
Figure 5. 9. Molecular representation of 17b: Thermal ellipsoids drawn at 35% and hydrogen 
atoms omitted for clarity. Two different coordination geometries are present in the unit cell. 
The other occupant of the unit cell is significantly different from its counterpart and displays 
a unique configuration.  It contains a dinuclear Ni(II) system which arises from the 
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coordination of the pyridine moiety, and results in the formation of a 16 atom heterocycle, 
Figure 5.10  The coordination geometry around the 5-coordinate Ni(II) departs significantly 
from the 6-coordinate adducts usually formed with N-donor ligands and related Ni(II) 
complexes.4,6  The base of the pyramid is formed by four sulfur atoms and the apex is occupied 
by the nitrogen atom of the pyridyl group of an adjacent molecular unit.  Thus resulting in a 
discrete dinuclear Ni(II) complex.  The nickel atom lies 0.513 Å out of the average plane of the 
sulfur atoms, which is a result of the short Ni-N bond distance of 2.058 Å.  The Ni-S distances 
are ca. 2.4 Å and are significantly longer (0.2 Å) than the Ni-S bond distances observed for 17a 
and the square planar moiety in the same unit cell. The lengthening of the Ni-S bond is a result 
of the increased electron density on the Ni(II) centre.  A comparison of the S-P-S bite angle 
(107°) reveals a 6° increase as compared to 17a and is attributed to the ability of the S-P-S 
moiety to accommodate pyridyl group.  A layered crystal packing sequence of 
mononuclear/dinuclear/dinuclear/mononuclear is observed in the lattice and shown in Figure 
5.11. 
 
Figure 5.10. Thermal ellipsoid representation of the coordination geometry of the dinuclear 




Figure 5.11. Packing in 17b viewed along the b-axis.  
 
Attempts to grow each of the crystal morphologies selectively proved unsuccessful and it is 
believed an equilibrium occurs during crystal growth which results in the formation of 
differential crystal morphologies.  The ethyl bridge is key to the formation of the dinuclear 
Ni(II) complex and in an effort to emphasise its importance, a derivative containing the 
shorter methylene bridge (18) was prepared in a similar manner to 17.  Selected bond lengths 
and angles are presented Table 5.4.  The purple crystals of 18 grew in the triclinic space group 
P-1 and a molecular representation is shown in Figure 5.12.  Importantly, the shorter bridge 
does not accommodate the coordination of the pyridine moiety, and only one crystal 
morphology is isolated.  The square planar geometry showed a trans configuration of the 
pyridyl groups relative to the coordination plane.  The P-S bond lengths are similar and are 
ca. 2.0 Å in magnitude, this indicates equalised delocalisation of charge over the S-P-S 
fragment.  The S-P-S bite angle is 102° which is consistent with square planar complexes 




Figure 5.12. Molecular representation of 18: Thermal ellipsoids drawn at 35 % probability 
and H atoms omitted for clarity. 
 
Table 5.4. Bond lengths (Å) and angles for 17a, 17b and 18. 
17a 17b 18 
P(1)-S(1) 2.0171(9) P(1)-S(1) 2.0048(10) P(1)-S(1) 2.0023(12) 
P(1)-S(2) 2.0030(9) P(1)-S(2) 1.9942(10) P(1)-S(2) 2.0074(11) 
P(1)-O(2) 1.587(6) P(1)-O(2) 1.6025(18) P(1)-O(2) 1.5897(15) 
P(1)-C(1) 1.775(8) P(1)-C(1) 1.791(3) P(1)-C(1) 1.792(2) 
Ni(1)-S(1) 2.2263(6) Ni(1)-S(1) 2.3980(7) Ni(1)-S(1) 2.2416(8) 
Ni(1)-S(2) 2.2348(6) Ni(1)-S(2) 2.4709(7) Ni(1)-S(2) 2.2304(9) 
S(1)-P(1)-S(2) 101.39(4) Ni(1)-N(1) 2.058(2) S(1)-P(1)-S(2) 102.35(4) 
S(1)-Ni(1)-S(1)1 180.0 S(1)-P(1)-S(2) 107.49(4) S(1)-Ni(1)-S(1)1 180.00(4) 
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5.2.4 Mononuclear Pd(II) dithiophosphonate 
 
The coordination variability observed for Ni(II) called for a further investigation for Group 10 
metals.  The reaction of L11 with PdCl2 in ethanol led to the formation of the mononuclear 
complex 19, Scheme 5.4.  Mass spectroscopy confirmed the purity of the material, with the 
detection of the sodium adduct.  The solution dynamics are not visually detectable as seen in 
17.  However, the solution NMR experiments proved interesting. 
 
Scheme 5.4. Synthesis of Pd(II) derivative with the use of PdCl2. 
The isomerization effects eluded to previously is more pronounced in 19 and as such it is an 
ideal candidate for further discussion.  The 31P-NMR displays a pair of peaks of equal intensity, 
with a difference of 0.0767 ppm, shown in Figure 5.13.  This indicates the energy barrier 
between the isomeric forms in solution is sufficiently low to allow for an equilibrium between 
the two isomers.  The isomerisation is detectable in the 1H-NMR as well.  The integration of 
the signals in 1H-NMR correspond to the expected complex, however, the multiplicity is 
interesting.  The resonance overlap between the corresponding isomers, which have similar 
chemical shifts, gives rise to a seemingly false multiplicity because it appears to be a quintet 
but is in fact the overlap of two quartets.  So, the expected quartet, which should have a 
height ratio of 1:3:3:1, in the region of 4 ppm (assigned to the OCH2CH3), is experimentally 
observed as an overlap of two quartets from each isomer.  As a result this appears to be a 
quintet, which has a peak height ratio of 1:4:6:4:1.  A graphical explanation of the overlap and 




Figure 5. 13 Solution decoupled 31P-NMR spectrum of 19. 
 
Figure 5. 14. Illustration of the contribution from each isomer, which results in the formation 




In the solid state 19 crystalizes in the triclinic space group P-1, and a molecular representation 
is shown in Figure 5.15.  Selected bond lengths and angles are presented in Table 5.5.  The 
complex has a square planar geometry with the bidentate ligands coplanar with the metal 
centre, i.e. P, S and Pd atoms all lie on the same plane.  .  Complete electronic delocalization 
of the P-S π bond occurs over the S-P-S moiety, as indicated by equal P-S bond lengths of 2.0 
Å.  The S-P-S bite angle measures 103.52 ° with a bite distance of 3.142 Å.  Importantly the 
pyridine moiety is not engaged in coordination, and the substituents are in an anti-
configuration relative to the Pd(II) centre.  Furthermore the pyridine groups do not act as 
packing directors in the crystal lattice, shown in Figure 5.16.  The pyridine unit could thus 
readily be used as an N atom donor coordination site for a number of other metal centres, 
such as Cu(I) and Ag(I). Such studies were not pursued in this thesis. 
 
 
Figure 5. 15. Molecular representation of 19 with thermal ellipsoids drawn at 35 % probablity 




Figure 5.16. Packing in 19 viewed along the b axis. 
 
Table 5.5. Selected bond angles (°) and distances (Å) for 19. 
P(1)-S(1) 2.0161(10) Pd(1)-S(1) 2.3415(7) 
P(1)-S(2)2 2.0122(10) Pd(1)-S(2) 2.3390(7) 
P(1)-O(1) 1.575(2) S(1)-P(1)-S(2)1 102.52(4) 






5.2.5 Dinuclear Au(I) dithiophosphonate. 
 
The reaction of L11 with [Au(tht)]Cl in THF led to the formation of a new dinuclear Au(I) 
complex, Scheme 5.5.  The dinuclear macrocycle with S-P-S moieties follow coordination 
patterns observed previously in literature.7   
 
Scheme 5.5. Preparation of dinuclear Au(I) dithiophosphonate in THF. 
 
The isomerization effects are not as pronounced as the Pd(II) example and a greater 
separation is observed in the 31P NMR with two well resolved resonance peaks 2 ppm apart 
for complex 2, 103 ppm and 101ppm. The anti-isomer contains an inversion centre which is 
lost upon reconfiguration to the syn. 
 
In the solid state, the lattice energies restrict molecular fluxionality between the isomers and 
the most stable configuration can be deduced.  Solid state magic angle spinning (MAS) NMR 
experiments aided in the determination of the isomeric composition of the bulk powder.  The 
spectrum shown in Figure 5.17, shows a single peak at 104ppm.  The spinning sidebands were 
distinguished from the relevant peaks by the varying the spin rate of the rotor.  The local 
environments around the P atoms is unperturbed by adjacent dinuclear units and are 




Figure 5.17. Solid state MAS NMR spectrum of 20 collected at 10 kHz. 
The single peak corresponds to the trans-isomer, isolated and characterised by X-ray 
crystallography.  A molecular representation is shown in Figure 5.18 and selected bond 
distances and angles are given in Table 5.4.   
 
Figure 5.18. Molecular representation of 20: Thermal ellipsoids drawn at 35% probability and 
H-atoms omitted for clarity. 
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Complex 20 crystallises in the monoclinic space group P21/c.  Selected bond lengths and 
angles are given in Table 5.6.  A bimetallic biconnective coordination mode for the ligand is 
observed, which is as expected for dinuclear Au(I) complexes previously reported.8  The eight 
membered neutral macrocycle adopts an elongated chair conformation with the S-Au-S 
linkages parallel.  The P atoms lie on opposite sides of coordination plane, unlike its square 
planar counterparts (complex 17a, 18 and 19), wherein the P atom is planar to the sulfur and 
metal atoms.  The fully supported intramolecular Au···Au interaction of distance 3.105 Å, 
caused a deviation from linearity in S-Au-S units with angles measures 171.14°.  The P-S bond 
lengths are ca 2.0 Å which indicates a complete delocalisation of the P-S π bond.  The pyridyl 
groups are not engaged in metal coordination but do engage in hydrogen bonding with a 
contact measuring 2.562 Å to a flanking phenylic hydrogen, shown in Figure 5.19.  This 
interaction is of sufficient magnitude to inhibit the formation of intermolecular Au···Au 
contacts.  This secondary interaction directs the packing in the crystal lattice, resulting in a 
stacked configuration, as shown in Figure 5.20. 
 
Table 5.6. Selected Bond lengths [Å] and angles [°] for 20. 
P(1)-S(1) 2.0138(12) Au(1)-S(1) 2.969(9) 
P(1)-S(2) 2.0149(13) P(1)-S(1)-Au(1) 101.10(4) 
P(1)-O(2) 1.585(2) S(1)-P(1)-S(2) 117.92(5) 





Figure 5.19. Ball and stick representation, illustrating the hydrogen bonding present in 20. 
 
Figure 5.20. ORTEP representation of packing of 20 in crystal lattice shown along the b axis. 
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5.2.6 Cd(II) coordination polymer.  
 
The cadmium complex was synthesized from a CdCl2∙H2O precursor and isolated as a white 
powder, shown in Scheme 5.6.  Unlike the previously described examples, solvent diffusion 
was needed to obtain crystals suitable for X-ray analysis.  The solution NMR experiments 
confirmed the absence of isomerisation in solution and a single peak is observed in the 31P-
NMR at 105.36 ppm.  The 1H-NMR displayed a single set resonances with the chemical shifts 
similar to other complexes described earlier. 
 
Scheme 5.6. Reaction of L1 with CdCl2 results in the formation cis-dithiophosphonate Cd(II) 
complex 21. 
 
Complex 21 crystallises in a monoclinic space group P21/n, and a molecular representation of 
the asymmetric unit is shown in Figure 5.21.  The asymmetric unit in 21 differs from its Co(II) 
counterpart (16), however, the ligand conformation and coordination is similar.  The ligands 
are in a cis-configuration and the 5-coordinate Cd(II) centre has distorted trigonal bipyramid 
geometry.  The deviation from linearity of the axial axis S-Cd-S is significant when compared 
to 16, with the S-Cd-S angle measuring 165.30 °.  There is no significant deviation in the 
equatorial plane with the coordinating sulfur (2) and nitrogen (1) atoms coplanar with the 
metal centre.  The P-S bond lengths are ca. 2.0 Å and the P-S π-bond is delocalised over the 
S-P-S fragment.  The Cd-N bond distance is 2.3 Å and is significantly shorter than the Cd-S 
bonds, which measure ca. 2.6 Å.  The coordination of the pyridyl substituent to adjacent 




Figure 5.21. Molecular representation of the asymmetric unit present in 21. 
 
 
Figure 5.22. Ball and stick representation of polymer network in 21. 
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Table 5.7. Selected bond lengths [Å] and angles [°] for 21. 
P(1)-S(1) 1.9980(11) Cd(1)-S(1) 2.7002(9) 
P(1)-S(2) 1.9954(11) Cd(1)-S(2) 2.5601(9) 
P(1)-S(3) 1.9897(12) S(1)-P(1)-S(2) 111.30(5) 
P(1)-S(4) 2.0048(12) S(3)-P(2)-S(4) 111.73(5) 
P(1)-O(3) 1.601(2) S(2)-Cd(1)-S(3) 165.30(3) 
P(1)-O(2) 1.592(2) S(1)-Cd(1)-S(4) 128.04(3) 
Cd(1)-N(1)1 2.261(3) N(1)1-Cd(1)-S(1) 121.75(6) 
Cd(1)-S(1) 2.5861(9) N(1)1-Cd(1)-S(4) 109.48(7) 





Table 5.8. Data collection and refinement data for L11z, 16, 17a, 17b and 18-21. 
Compound L 11z 16 17a 17b 
Empirical formula C30H36N2O4P2S4 C30H34.5CoN2O4P2S4 C30H34N2NiO4P2S4 C22.5H25.5N1.5Ni0.8O3P1.5S3 
Mw 678.79 736.21 735.52 551.64 
Temperature[K] 100(2) 100(2) 100(2) 100(2) 
Size [mm] 0.28 x 0.45x0.37 0.15 x 0.13 x 0.06 0.16 x 0.089 x 0.046 0.27 x 0.16 x 0.09 
Crystal System Monoclinic Monoclinic Triclinic Triclinic 
Space Group C2/c P21/c P-1 P-1 
a[Å] 33.544(5) 20.082(3) 9.8107(5) 10.2354(3) 
b[Å] 14.694(2) 13.4338(15) 9.8419(5) 12.6531(3) 
c[Å] 14.0422(16) 24.540(3) 10.3495(5) 19.3580(5) 
α[°] 90 90.00 104.559(3) 94.9320(10) 
β[°] 110.795(6) 94.787(4) 102.528(3) 94.5150(10) 
γ[°] 90 90.00 112.895(2) 90.9260(10) 
V[Å3] 6470.5(16) 6597.3(14) 833.67(7) 2489.35(11) 
Z 8 8 1 4 
Absorption coefficient 
[mm-1] 
0.431 0.909 0.966 0.970 
Θrange [°] 1.30 to 25.45 3.34 to 49.62 4.34 to 57 2.12 to 50.76 
Data/restraints/paramete
rs 
5268/0/389 11115/0/779 3693/0/197 9093/0/585 
Goodness of fit F2 0.968 1.124 1.039 1.085 
Final R indices [I > 2σ(I)] R1 = 0.0640, wR2 = 0.0997 R1 = 0.0795, wR2 = 0.1734 R1 = 0.0402, wR2 = 0.1004 R1 = 0.0331, wR2 = 0.0742 
R indices (all data) R1 = 0.0997, wR2 = 0.2007 R1 = 0.1240, wR2 = 0.1975 R1 = 0.0516, wR2 = 0.1075 R1 = 0.0477, wR2 = 0.0861 
Largest diff peak/hole [e/ 
Å3] 
0.663/-0.738 1.59/-1.21 0.96/-0.55 1.24/-0.50 
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Compound 18 19 20 21 
Empirical formula C26H30N4NiO4P2S4 C30H34NO4P2PdS4 C30H34Au2N2O4P2S4 C30H34CdN2O4P2S4 
Mw 711.46 783.24 1070.70 846.87 
Temperature[K] 296(2) 100(2) 173(2) 296(2) 
Size [mm] 0.17 x 0.28 x 0.13 0.28 x 0.42 x 0.26 0.43 x 0.40 x 0.37 0.24 x 0.47 x 0.36 
Crystal System Triclinic Triclinic Monoclinic Monoclinic 
Space Group P-1 P-1 P 21/c P21/n 
a[Å] 9.3410(4) 7.4195(3) 12.265(3) 15.5307(8) 
b[Å] 9.7808(4) 10.7431(4) 9.831(2) 13.3610(7) 
c[Å] 9.8175(4) 11.5025(4) 14.517(3) 17.3779(8) 
α[°] 74.023(1) 103.570(2) 90 90.00 
β[°] 68.841(1) 105.051(2) 101.128(2) 100.344(2) 
γ[°] 83.310(1) 103.468(2) 90 90.00 
V[Å3] 804.02(6) 817.43(6) 1717.4(6) 3547.4(3) 
Z 1 1 2 4 
Absorption coefficient 
[mm-1] 
1.000 0.960 8.907 1.492 
Θrange [°] 4.34 to 57.28 3.86 to 55.28 2.52 to 25.34 3.24 to 56.84 
Data/restraints/parameter
s 
4050/0/187 3677/0/197 3123/0/200 8867/0/390 
Goodness of fit F2 1.051 1.050 1.036 1.029 
Final R indices [I > 2σ(I)] R1 = 0.0310, wR2 = 0.0859 R1 = 0.0354, wR2 = 0.0882 R1 = 0.0181, wR2 = 0.0435 R1 = 0.0382, wR2 = 0.1135 
R indices (all data) R1 = 0.0360, wR2 = 0.0909 R1 = 0.0430, wR2 = 0.0933 R1 = 0.0214, wR2 = 0.0448 R1 = 0.0621, wR2 = 0.1368 
Largest diff peak/hole [e/ 
Å3] 




In summary, this chapter dealt with the combination of two different donor atoms onto one 
ligand which is readily available to engage in metal coordination.  Of note is that it afforded 
the first example of a Co(II) dithiophosphonate complex which can be synthesized in water 
and is not susceptible to oxidation.  The robust ligand system afforded seven new crystal 
structures.  This unique approach has been shown to be an effective method for the synthesis 
of coordination polymers in the case of 16 and 21.  Ni(II) complexes showed interesting 
solution characteristics, which were further investigated in the solid state, with two different 
coordination geometries and magnetic properties.  The flexibility of the ligand system is in 
line with the overall principles outlined for the donor-acceptor methodology to the 
preparation of molecular frameworks and offers an alternative to the homoleptic system 




Phenetole, phosphorus-pentasulfide and 2-pyridineethanol, were obtained from Sigma 
Aldrich.  Ammonia gas was purchased from Afrox (South Africa).  Metal perchlorates, 
cadmium(II) chloride and palladium(II) chloride were all obtained from SAARCHEM.  Gold 
solution was donated by Rand Refineries.  1H and 31P{1H} spectra were recorded on a Bruker 
Advance 400 MHz spectrometer at 298 K.  NMR data are expressed in parts per million (ppm).  
1H spectra are referenced internally to residual proton impurity in the deuterated solvents 
(CDCl3 in all cases).  31P NMR spectra chemical shifts were referenced relative to an 85% H3PO4 
in D2O external standard solution.  Data are reported as resonance position (δH), multiplicity, 
assignment, and relative integral intensity.  Melting points were determined with an 







5.3.1 Synthesis of [NH4 {S2P(4-C6H4OMe)( OCHCH2-2-C5H5N)}], (L11). 
 
A Schlenk flask was charged with (4-C6H4OEtP(S)S)2 (1.5g, 3.48mmol) 
and placed under vacuum for 30 minutes.  The solid was heated to 70 
°C, 2-(2-C5H5N)OCHCH2 (810mg, 7.42 mmol) and toluene (2 mL) was 
added.  The temperature was maintained at 70 °C for 3 hours, until 
dissolution of all the solids had been observed.  The residue was 
cooled to room temperature, before being placed in an ice bath for 10 
minutes.  Anhydrous NH3 gas was bubbled through the residue with vigorous agitation.  The 
pale brown solid was dissolved in THF (20mL) and subsequent addition of diethyl ether (40mL) 
resulted in precipitation of a white powder.  The mother liquor is removed by cannula and 
the precipitate washed with portions of cold diethyl ether.  Yield 1.832 g (70%) 1H NMR (400 
MHz, CD3OD): δ (ppm), J(Hz) 1.37(t, CH3, 3H, JH-H = 7.00), 3.00(t, CH2, 2H, JH-H  = 6.56), 4.06(q, 
OCH2, 2H, JH-H = 6.98), 4.62(m, OCH2, 2H), 6.83(dd, ArCH, 2H, JH-H = 8.78, JP-H  2.58), 7.36(dd, 
ArCH (py), 1H, JH-H = 7.80), 7.41(dd, ArCH (py), 1H, JH-H = 7.84), 7.89(dd, ArCH, 2H,JH-H = 8.68, 
JP-H = 13.4), 7.76(m,ArCH (py), 1H), 8.40(bs, ArCH (py), 1H). 31P NMR(CD3OD) ppm: 107.22.  
Anal. calc. for C15H21N2O2PS2 : C, 50.54; H, 5.94; N, 7.86 %. Found:  C 51.22, H 6.04, N 8.22 %. 
 
5.3.2 Synthesis of [Co{S2P(4-C6H4OEt)( OCHCH2-2-C5H5N)}]2, (16). 
 
A beaker was charged with L11 (400 mg, 
1.12 mmol) and dissolved in EtOH (40 mL).  
To the clear solution, a solution of 
Co(ClO4)2∙6H2O (205 mg, 0.56 mmol) in 
water was added dropwise and stirred for 
30 min, resulting in the formation of a 
turbid blue-green solution.  The reaction 
mixture was extracted with DCM (2 x 20 mL) and the combined extracts washed with water. 
The extract was dried over MgSO4, filtered and allowed to slowly evaporate to yield blue-
green crystals of 16. Yield 316 mg (77 %). Melting Point 121.3-121.6 °C. Single crystals suitable 
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for X-ray diffraction studies were selected.  ESI-MS (m/z) (cal.) 736.0305 (736.0287) for 
([Co{S2P(4-C6H4OEt)( OCHCH2-2-C5H5N)}] + H⁺) 
 
5.3.3 Synthesis of [Ni{S2P(4-C6H4OEt)( OCHCH2-2-C5H5N)}]2, (17) 
 
A beaker was charged with L11 (300 mg, 
0.820 mmol) and dissolved in EtOH (40 
mL).  To the clear solution, a solution of 
Ni(ClO4)2∙6H2O (95 mg, 0.416 mmol) in 
water was added dropwise and stirred for 
30 min, resulting in the formation of a 
turbid orange-brown suspension.  The 
reaction mixture is then extracted with DCM and washed with water. The purple extract was 
dried over MgSO4, filtered and allowed to slowly evaporate to yield purple (17a) and orange 
crystals (17b). Single crystals suitable for X-ray diffraction studies were selected. Yield 239 mg 
(78 %). Melting point 119.5-119.7 °C  1H NMR (400 MHz, CD3OD): δ (ppm), J(Hz) 1.43 (t, CH3, 
6H, JH-H = 6.96), 3.29 (t,CH2, 4H, JH-H = 6.56), 4.09 (q, OCH2, 4H, JH-H =  6.96), 4.75(m,OCH2, 4H), 
6.94(d, ArCH, 4H, JH-H = 7.96), 7.20 (dd, ArCH(py), 2H, JH-H = 6.04, 6.04), 7.29(d, ArCH(py), 2H, 
JH-H =7.60), 7.64(dd, ArCH(py), 2H, JH-H = 7.20, 7.20), 7.88 (dd, ArCH, 4H, JH-H = 6.04, JP-H = 
13.53), 8.66(bs, ArCH(py), 2H) 31P NMR (CDCl3) ppm: 100.42. ESI-MS (m/z) (cal.) 756.9084 




5.3.4 Synthesis of [Pd{S2P(4-C6H4OEt)( OCHCH2-2-C5H5N)}]2, (19). 
 
A schlenk tube was charged with L11 
(80mg, 0.224mmol) and dissolved in EtOH 
(40 mL).  To the clear solution, PdCl2 (20 
mg, 0.112 mmol) was added and stirred for 
30 min, resulting in the formation of a 
turbid red solution.  The solvent is 
removed in vacuo and the residue 
extracted with DCM and filtered through celite. The filtrate is allowed to slowly evaporate on 
standing and yielded red crystals of 19.  Single crystals suitable for X-ray diffraction studies 
were selected. Yield 64 mg (72 %). Melting point 115.4 – 116.2 °C. 1H NMR for trans and cis-
isomer(400 MHz, CD3OD): δ (ppm), J(Hz) 1.43 (m, CH3, 6H), 3.28 (m,CH2, 4H), 4.07 (m, OCH2, 
4H), 4.66(m,OCH2, 4H), 6.91(m, ArCH, 4H), 7.16(m, ArCH(py), 2H), 7.25(m, ArCH(py), 2H), 
7.62(m, ArCH(py), 2H), 7.83 (m, ArCH, 4H), 8.56(m, ArCH(py), 2H) 31P NMR (CDCl3) ppm: 
114.3750, 114.4517.  ESI-MS (m/z) (cal.) 804.9774 (804.9809) for ([Pd{S2P(4-
C6H4OEt)(OCHCH2-2-C5H5N)}] + Na⁺) 
 
5.3.5 Synthesis of [Au{S2P(4-C6H4OMe)( OCHCH2-2-C5H5N)}]2, (20). 
 
A Schlenk flask was charged with L11 ( 112 
mg, 0. 314 mmol) and dry tetrahydrofuran 
(40 mL).  To the clear solution [Au(tht)]Cl 
(100 mg, 0.312 mmol) was added and the 
reaction stirred for 30 min, resulting in the 
formation of a turbid yellow solution.  The 
solvent was removed in vacuo, followed 
by extraction with 50 mL of dichloromethane.  The extract was filtered through a composite 
of Celite/anhydrous MgSO4.  The volume of the filtrate was reduced in vacuo.  A yellow 
powder was consolidated and washed with diethyl ether (2 x 5 mL).  Single crystals suitable 
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for X-ray diffraction studies were grown by slow diffusion of hexane layered onto a 
concentrated DCM solution of 20. Yield 252 mg (75 %). Melting point 171.4-171.8 °C. 1H NMR 
(400 MHz, CDCl3): δ (ppm), J(Hz) 1.43(t, CH3, 6H, JH-H = 7.00), 3.12(t, CH2, 4H, JH-H  = 6.56), 
4.06(q, OCH2, 4H, JH-H = 6.98), 4.72(m, OCH2, 4H), 6.93(dd, ArCH, 4H, JH-H = 8.78, JP-H  2.58), 
7.18(m, ArCH (py), 2H), 7.41(m, ArCH (py), 2H), 7.89(m, ArCH, 4H), 7.76(m, ArCH (py), 2H), 
8.40(bs, ArCH (py), 2H). 31P NMR(CDCl3) ppm: 101.25, 103.44. Anal. calc. for 
C30H34Au2N2O4P2S4 : C, 33.65; H, 3.20; N, 2.62 %. Found: C, 34.24; H, 3.65; N, 2.56 %.  
 
5.3.6 Synthesis of [CdS2P(4-C6H4OMe)( OCHCH2-2-C5H5N)]2, (21). 
 
A beaker was charged with L11 (356 mg, 
1.00 mmol) and dissolved in EtOH (50 mL).  
A solution of CdCl2∙H2O (114 mg, 0.56 
mmol) in water was added dropwise to 
the ligand solution and stirred for 30 min, 
resulting in the formation of a white 
precipitate.  The precipitate is collected by 
vacuum filtration and dissolved in DCM.  The DCM solution was dried over anhydrous MgSO4, 
filtered and solvent removed in vacuo to yield a pale yellow powder. Single crystals suitable 
for X-ray diffraction studies were grown by slow diffusion of hexane layered onto a 
concentrated DCM solution of 21.  Yield 390 mg (88 %).  Melting point 120.6-121.4 °C. 1H NMR 
(400 MHz, CD3OD): δ (ppm), J(Hz) 1.43 (t, CH3, 6H, JH-H = 6.96), 3.292 (t,CH2, 4H, JH-H = 6.56), 
4.09 (q, OCH2, 4H, JH-H =  6.96), 4.75(m,OCH2, 4H), 6.94(d, ArCH, 4H, JH-H = 8.76, JP-H = 3.2018), 
7.20 (dd, ArCH(py), 2H, JH-H = 6.04, 6.04), 7.29(d, ArCH(py), 2H, JH-H =7.60), 7.64(dd, ArCH(py), 
2H, JH-H = 7.20, 7.20), 8.00 (dd, ArCH, 4H, JH-H = 8.70, JP-H = 14.54), 8.66(bs, ArCH(py), 2H) 31P 
NMR (CDCl3) ppm: 105.358. ESI-MS (m/z) (cal.) 812.9839 (812.9808) for ([Cd{S2P(4-
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This thesis has demonstrated that the incorporation of multiple coordination moieties into a 
common ligand backbone is an effective tool in the pursuit of multinuclear metal topologies.  
An initial investigation into the ligand synthesis, yielded the first examples of structurally 
characterized intramolecular S-S coupling of dithiophosphonates reported.  Variation of the 
alcohol chain length led to the formation of two ring sizes and multiple ferrocene moieties.  
Importantly the redox activity of the ferrocenyl groups are significantly different from 
ferrocene, and a loss of reversibility for ferrocene/ferrocenium redox couple was apparent.   
The first design approach incorporated two identical coordination moieties onto a common 
flexible organic linker.  Variability in the ligand conformation was found to be a key factor in 
accommodating a wide variety of metal centres and the bis(anionic) ligand successfully 
stabilised Cu(I), Ag(I), Au(I), Au(III) and Ni(II).  This resulted in several novel topologies which 
have not been previously reported in literature.  The Cu(I) cluster is the first tetranuclear 
cluster to have a Cu4L2 configuration, and represents only the second dithiophosphonate 
tetranuclear cluster reported to date.  Its Ag(I) counterpart is the first dithiophosphonate 
stabilised Ag(I) cluster and contains a total of six argentophilic interactions.  The hexanuclear 
Au(I) metallatriangle is the largest Au(I) metallatriangle reported to date and the oxidation 
product is the first Au(III) complex, produced by the addition of bromide across a S-P-S 
framework.  Furthermore the cofacial dinuclear nickel complex afforded the elusive cis 
configuration.   
The apparent lack of tetranuclear Cu(I) dithiophosphonate clusters in literature was 
addressed and an alternative synthetic methodology afforded several clusters in aqueous 
conditions was reported.  The luminescent characteristics were determined and electronic 
calculations confirmed that the luminescence arose from an interaction between the metal 
core and the primary coordination sphere, with no significant contributions from the ligand 
substituents to the emission profile.  
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An alternative approach to the incorporation of two coordination moieties led to the 
formation of a novel ligand system.  The combination of an N-donor ligand with the 
dithiophosphonate motif, proved to be highly successful.  The coordination capabilities of the 
ligand were evaluated with a variety of metals and afforded seven new crystal structures.  
This unique approach has been shown to be an effective method for the synthesis of 
coordination polymers in the case of 16 and 21.  Notably it afforded the first Co(II) 
dithiophosphonate complex.  The ethyl bridge was proven to be the ideal linker between the 
two moieties and facilitated the formation of the polymers.  The Ni(II) derivative displayed 
interesting configurational isomerisation and two coordination modes of the ligand were 
determined in the solid state.  The flexibility of the ligand system is in line with the overall 
principles outlined for the donor-acceptor methodology to the preparation of molecular 
frameworks and offers an alternative to the homoleptic system. 
Due to the novelty of the ligand systems presented in this study, a relatively new aspect in 
dithiophosphonate chemistry has been created.  Thus there exists significant potential in 
future investigations into coordination chemistry.  Furthermore, the complexes reported here 
can warrant an investigation into their catalytic activity, especially due to the relatively large 
nuclearity observed for certain complexes. 
In particular the coordinative ability of the bis(dithiophosphonate) ligand is undeniable and 
application to other metal atoms is plausible.  Furthermore, the ability of the ligand to 
stabilise relatively large metal topographies, can provide access to different coordination 
frameworks in the future.  The synthetic protocol outlined for the synthesis of Cu(I) clusters, 
should increase its availability for the application to systems requiring luminescent materials.  
The pyridyl dithiophosphonate ligands, affords the opportunity to prepare mixed metal 
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